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II-VI  ZnSe-based  light-emitting  devices(LED)  were  fabricated  from 
various  structures  consisting  of  Zn0.gCd0.2Se  single  quantum  wells  on  GaAs 
substrates.  LEDs  were  degraded  by  applying  a pulsed  direct-current.  The 
degradation  rate  was  founded  to  depend  on  the  current  density  and  the  pre- 
existing defect  density.  The  temperature  of  the  quantum  well  (QW)  during 
operation  was  estimated  to  be  about  250  °C. 

Efficiency  measurement  on  the  LEDs  showed  that  the  nonradiative 
recombination  rate  increased  with  increasing  degradation.  The  thermal 
expansion  behavior  of  the  lattice  matched  epilayers  was  investigated  using 
HRXRD  with  an  in-situ  heating  stage.  At  250  °C  the  epilayers  expanded 
in  the  perpendicular  direction  and  the  strain  in  the  quantum  well  increased 
by  15%.  In  the  50%-degraded  LEDs,  the  strain  remained  constant, 
however,  after  80%  degradation  1/3  of  the  strain  in  the  QW  was  relaxed. 
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SIMS  and  PL  studies  did  not  show  any  measurable  atomic  interdiffusion  of 
the  QW  during  operation. 

LEDs  were  degraded  by  the  generation  of  dark  spot  defects(DSD) 
and  dark  line  defects(DLD)  that  appear  in  the  active  region.  DLDs  were 
observed  to  be  aligned  in  <100>  directions.  The  light  output  intensity 
decreased  with  increasing  DSDs  and  DLDs  density.  TEM  analyses  on  the 
80%-  degraded  LEDs  showed  that  two  major  types  of  degradation-induced 
extended  defects  formed  during  operation.  One  type  appeared  to  be  rows 
of  clusters  of  point  defects  and  the  others  were  distorted  crystalline 
regions  that  correspond  areas  of  dense  networks  of  dislocations.  The 
spacing  of  the  defects  (5  pm)  was  the  same  as  the  DLDs  observed  in  EL 
microscopy.  Some  DLDs  appeared  to  nucleate  from  the  grown-in  stacking 
faults. 

In  order  to  study  the  possible  source  of  these  defects,  point  defect 
formation  during  operation  was  studied.  Generation  of  point  defects  were 
observed  in  the  degraded  LEDs  by  measuring  PL  quenching  rate  at  higher 
temperatures  and  diffusion  enhancement  of  Cd  from  the  QW  into  the 
barrier  layers  upon  post  degradation  annealing.  Nonradiative 
recombination-induced  point-defect  generation  at  pre-existing  defect  sites 
and  subsequent  nucleation  of  extended  defects  is  proposed  as  the  major 
degradation  mechanism  in  ZnSe-based  II-VI  LEDs. 
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CHAPTER  1 
INTRODUCTION 

1.1  Motivation  and  Objectives 

The  development  of  compact  short-wavelength  light  emitters  (lasers 
and  LEDs)  is  certain  to  have  enormous  effects  on  any  technology  using 
visible  light.  For  example,  bits  of  information  are  read  and  recorded  by 
semiconductor  lasers  whose  output  is  a focused,  diffraction-limited  spot  in 
most  of  today’s  optical  recording  systems.  Because  the  spacing  of  the  dots 
that  can  be  read  is  directly  proportional  to  the  wavelength  of  light  used,  a 
significant  gain  can  be  obtained  in  recording  density  as  well  as  in  data 
transfer  rates  simply  by  using  lasers  that  operate  at  shorter  wavelengths. 
The  ZnSe  based  II-VI  compound  semiconductors  have  been  considered  a 
good  candidate  for  producing  such  short-wavelength  lights  due  to  their 
direct,  wide  bandgap. 

The  first  ZnSe-based  diode  lasers  operating  at  liquid  nitrogen 
temperature  were  reported  in  1991  after  successful  p-type  doping  of  ZnSe 
[1].  In  1993  the  first  demonstration  of  the  blue-green  laser  diode  at  room 
temperature  was  presented  and  the  turn-on  voltage  of  the  laser  was  around 
20  V.  Since  then,  two  important  breakthroughs  were  made,  the  realization 
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of  lattice-matched  separate-confinement  heterostructure  (SCH)  and  ohmic 
contacts  to  p-type  ZnSe.  The  lattice  mismatching  between  heterostructure 
layers  and  the  GaAs  substrate  produced  a poor  crystal  quality.  Using  the 
quaternary  alloy  ZnMgSSe,  a Sony  group  successfully  employed  the  SCH 
configuration  in  a pseudomorphic  embodiment  on  the  GaAs  substrate  [2], 
Figure  1.1  shows  the  band  gap  and  the  lattice  constant  of  II-VI  compounds 
used  in  this  SCH  configuration. 

Another  problem  was  heat  generation  due  to  the  voltage  drop  at  the 
interface  between  metal  contact  and  p-type  ZnSe.  The  use  of  Zn(Se,Te)- 
graded  contacts  proved  to  be  a promising  ohmic  contact.  The  ZnSe/ZnTe 
multiquantum  well  scheme  was  then  realized  to  be  another  ohmic  contact. 
By  using  these  new  contacts  the  threshold  voltage  decreased  to  around  4V 
range  after  employing  new  contacts  [3]. 

Today  there  are  at  least  two  major  obstacles  remaining;  (1)  the  poor 
p-type  doping  in  ZnMgSSe  and  (2)  the  low  lifetime  of  the  lasers  or  light- 
emitting  diodes  (LED).  The  nitrogen  doped  ZnMgSSe  layer  has  an 
increased  acceptor  activation  energy  and  hence  the  resulting  reduced  free 
hole  concentration  limits  the  vertical  current  transport.  The  degradation  of 
II-VI  blue  light  emitters  is  now  drawing  much  attention.  The  most  recent 
report  from  SONY  showed  that  a laser  device  lasted  as  long  as  9 hour  at 
room  temperature  under  CW  operation  [4],  It  was  a significant  leap  from 
the  lifetime  of  a few  seconds  reported  in  1993  from  Brown/Purdue  [5].  The 
current  emphasis  of  research  in  most  laboratories  is  directed  at  improving 
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the  crystalline  quality  of  the  structures  with  a view  to  increasing  the  device 
lifetime  by  reducing  growth-related  defects. 

In  order  to  increase  lifetime  of  II-VI  ZnSe-based  light-emitting 
devices,  a better  understanding  of  the  rapid  degradation  mechanism  is 
necessary.  Through  investigation  of  the  devices  failure,  we  may  be  able  to 
eliminate  degradation  mechanisms  during  operation  of  devices. 

1.2  Scope  of  the  Present  Work 

In  an  effort  to  understand  the  reasons  why  the  lifetime  of  II-VI 
ZnSe-based  optoelectronic  devices  is  so  short,  degradation  mechanism  of 
light  emitting  devices  were  investigated.  The  degradation  of  lasers  and 
LEDs  were  found  to  be  similar  in  terms  of  the  degradation  defects 
generated  during  operation.  Both  lasers  and  LEDs  fail  due  to  the 
production  of  dark  spots  and  dark  line  defects  inside  the  device.  In  this 
study  LEDs  were  exclusively  used  because  the  dimension  of  the  device  can 
be  modified  so  that  the  characterization  of  degraded  devices  can  be 
carried  out  in  a more  convenient  way. 

In  chapter  1 the  previous  study  on  the  degradation  of  II-VI  devices 
is  first  reviewed.  Since  the  blue-green  light  emitting  devices  were  first 
made  in  1991,  there  have  been  only  a few  studies  of  degradation  reported. 
Therefore  the  degradation  mechanisms  of  III-V  devices  are  also 
summarized.  The  basic  mechanism  of  light  emission  from  the  single 
quantum-well  LED  is  also  described.  Chapter  2 provides  the  device 
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structures  used  in  this  work,  LED  fabrication,  experimental  setups  for  LED 
degradation  and  characterization  methods  used  to  study  degradation 
process.  In  chapter  3 the  degradation  trends  are  presented.  The  general 
trends  of  the  light  output  intensity  as  a function  of  time,  degradation 
dependence  on  the  pre-existing  defect  density,  degradation  dependence  on 
the  current  density,  efficiency  change  due  to  nonradiative  recombination,  I- 
V characteristics  before  and  after  degradation,  and  the  estimation  of 
temperature  of  the  active  region  during  operation  are  detailed.  Chapter  4 
discusses  investigation  of  the  strain  relaxation  and  possible  atomic 
interdiffusion  during  operation.  In  chapter  5 the  structural  investigations  of 
the  as-grown  structure  and  degraded  devices  using  transmission  electron 
microscope  (TEM)  is  presented.  The  nature  of  pre-existing  defects  and 
degradation-induced  defects  are  described.  Based  on  the  degradation 
phenomena  found  in  this  work.  Chapter  6 discusses  a possible  degradation 
mechanism  by  which  II-VI  ZnSe-based  light-emitting  devices  fail.  Finally 
the  conclusions  of  this  study  are  given  in  chapter  7. 

1.3  Literature  review  on  the  study  of  degradation  of  lasers  and  LEDs 
1.3.1  II-VI  degradation 

One  of  the  major  issues  in  II-VI  semiconductor-based  blue  or  blue- 
green  lasers  and  LEDs  has  been  the  device  degradation  and  lifetimes  since 
the  first  demonstration  of  II-VI  laser  diodes.  Although  considerable  efforts 
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have  been  made  to  obtain  high  quality  semiconductor  heterostructures  for 
devices,  there  has  been  little  work  on  addressing  the  issue  of  degradation 
of  such  devices.  The  following  is  a summary  of  studies  on  the  II-VI 
device  degradation. 

Guha  et  al.  [6]  first  published  a detailed  study  of  the  degradation  of 
II-VI  blue-green  light  emitters.  They  examined  structural  defects  in 
electrically  degraded  devices  that  consist  of  ZnCdSe  quantum-well  and 
ZnSSe  barrier  layers.  The  [100]  dark  line  defects  were  observed  using  a 
optical  microscope  to  study  the  electroluminescent  output.  Degradation 
defects  appeared  to  occur  initially  by  the  formation  of  new  crystal  defects 
in  the  vicinity  of  pre-existing  defects  such  as  stacking  faults  as  investigated 
using  TEM.  These  new  crystal  defects  then  propagate  along  [100] 
directions  and  their  evolution  finally  results  in  the  formation  of  regions  of 
nonradiative  material  spread  out  across  the  device  and  lying  in  the  quantum 
well. 

Hua  et  al.  [7]  did  a structural  investigation  on  the  ZnCdSe 
/ZnSSe/ZnMgSSe  pseudomorphic  SCH  structure  carried  out  by  TEM  after 
electrical  degradation.  They  observed  triangular  nonluminescence  dark 
defects  in  EL  microscopy  and  those  defects  were  identified  to  be  patches  of 
dislocation  networks  developed  at  the  quantum-well  region.  The 
dislocation  networks  were  observed  to  be  nucleated  at  threading 
dislocations  originating  from  pairs  of  V-shaped  stacking  faults  which  are 
nucleated  at  or  near  the  II-VI/GaAs  interface. 
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Haugen  et  al.  [8]  examined  structural  defects  in  the  photodegraded 
devices.  The  structure  used  in  this  study  was  a lattice-matched  ZnSSe  or 
ZnMgSSe  barrier  layer  with  a ZnCdSe  quantum-well.  The  cladding  layers 
were  only  Cl  doped  (n-type).  They  observed  [100]  dark  line  defects  (DLD) 
in  photoluminescence  microscopy,  which  appear  to  be  the  same  as  those 
observed  in  the  electrically  degraded  devices.  The  DLDs  appeared  to 
originate  from  pre-existing  defects  and  it  was  concluded  that  nitrogen 
would  not  play  a role  in  the  degradation  process. 

Recently  Tomiya  et  al.  [9]  carried  out  structural  studies  on  the 
lattice-matched  ZnCdSe/ZnSSe/ZnMgSSe  structure  grown  by  MBE.  LEDs 
were  degraded  by  current  injection  and  [110]  dark  line  defects  and  dark 
spot  defects  were  observed  in  electroluminescence  microscopy.  During  the 
test  the  [110]  dark  line  defects  did  not  change,  however  the  dark  spot 
defects  were  spread  out  in  the  [100]  direction  during  current  injection. 
These  regions  consisted  of  a high  density  of  dislocation  dipoles  and 
dislocation  loops  in  TEM  observation.  The  source  of  the  highly  dislocated 
regions  appeared  to  be  the  pre-existing  stacking  faults. 

Some  important  points  can  be  drawn  from  the  previous  studies.  First, 
the  degradation  defects  seem  to  originate  from  pre-existing  structural 
defects.  The  major  type  of  pre-existing  defect  is  the  stacking  fault;  these 
are  usually  developed  in  pairs  at  the  interface  between  the  GaAs  substrate 
and  the  epilayer.  Secondly,  the  degradation  defects  appear  to  grow  during 
current  injection  in  the  vicinity  of  the  quantum-well  active  region.  Thirdly, 
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the  degradation  defects  may  be  identified  as  dislocation-like  defects  and 
lie  in  the  quantum  well.  Finally  lasers  and  LEDs  fail  due  to  the  same  type 
of  degradation  defects,  that  is,  mainly  dark  line  defects. 

Previous  studies  blame  the  pre-existing  defects,  which  are  developed 
during  the  growth  process,  for  the  source  of  the  degradation  defects. 
However,  the  relationship  between  the  pre-existing  defects  and  the 
degradation  induced  defects  are  not  apparent  yet.  Previous  studies  have  not 
determined  the  microstructural  nature  of  the  major  degradation  defects,  or 
[100]  dark  line  defects,  which  can  be  seen  in  electroluminescence 
microscopy.  The  nature  of  [100]  dark  line  defects  is  not  understood  well 
and  is  still  controversial  as  to  whether  they  are  dislocations  or  not.  In 
addition,  no  studies  about  the  effect  of  strain  in  the  quantum-well  on  the 
rapid  degradation  have  been  conducted.  The  rapid  degradation  process  may 
be  related  to  the  strain  in  the  quantum-well  since  the  quantum  well  layer  is 
highly  strained  due  to  its  composition. 

1.3.2  III-V  degradation  mechanisms 

1.3. 2.1  Rapid  Degradation 

A large  number  of  of  studies  on  the  degradation  of  III-V 
semiconductor-based  lasers  and  LEDs  have  been  done  since  1970,  when  the 
first  AlGaAs/GaAs  double-heterostructure  laser  was  achieved  [10], 
Reliability  of  many  kinds  of  semiconductor  lasers  and  LEDs  has  been 
drastically  improving  for  about  20  years.  Throughout  this  period,  various 
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degradation  mechanisms  have  been  discovered  and  reliability  improvements 
have  been  made.  Here,  major  degradation  mechanisms  of  III-V  based 
devices  and  the  method  of  suppression  of  those  degradation  mechanisms, 
which  are  related  to  the  II-VI  based  devices,  are  summarized.  The 
degraded  regions  of  a device  may  be  the  facets,  electrodes,  bonding  parts, 
heat  sink  and  active  region.  Only  the  degradation  mode  of  the  inner  active 
region  due  to  dark  line  defect  development  and  the  facet  melting  of  lasers 
will  be  surveyed. 

DeLoach  et  al.  [11]  found  that  the  rapid  degradation  in  the 
AlGaAs/GaAs  lasers  was  related  to  the  [100]  dark  line  defect  (DLD)  in  the 
electroluminescence  topography  for  the  first  time.  Petroff  and  Hartman  [12] 
observed  the  [100]  dark  line  defect  with  transmission  electron  micrographs 
and  concluded  that  [100]  DLD  is  caused  by  the  dislocation  network.  Many 
studies  [13]  [14]  by  TEM  indicate  that  a DLD  in  this  material  is  formed  of  a 
network  of  interstitial-type  helical  dislocation  dipoles  usually  originating 
from  a single  dislocation  crossing  the  active  layer. 

The  DLD  growth  mechanism  is  believed  to  be  recombination- 
enhanced  dislocation  climb  [15][16].  Dislocation  climb  is  a process  by 
which  a dislocation  increases  its  length  by  absorption  or  emission  of  point 
defects.  The  energy  gained  from  non-radiative  recombination  and  light 
absorption  near  the  dislocation  core  and  an  existing  point  defect  is 
transformed  into  lattice  vibrations  and  give  rise  to  the  low-temperature 
defect  motion  [17].  As  opposed  to  dislocation  glide,  dislocation  climb  does 
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not  confine  the  dislocation  line  motion  to  its  glide  plane.  So,  DLDs  can 
elongate  in  the  [100]  direction  with  this  climbing  motion  by  the  observation 
from  the  direction  perpendicular  to  active  layer  (100)  plane.  Petroff  and 
Kimerling  [18]  suggested  that  the  climb  resulted  from  the  absorption  of 
interstitial  point  defects.  O’Hara  et  al.  proposed  that  the  climb  resulted 
from  the  emission  of  vacancy  pairs  at  the  dislocation  [19]. 

On  the  other  hand,  [100]  DLD  growth  is  not  as  prevalent  in 
InGaAsP/InP  LEDs  and  lasers  [20]  and  this  system  is  sensitive  to  the 
existence  of  crystal  defects  [21].  InGaAsP/InP  LEDs  and  lasers  have  been 
put  on  the  market  early  without  serious  problems. 

In  addition  to  the  [100]  DLD,  the  [110]  DLD  is  also  a cause  of 
rapid  degradation  in  III-V  based  devices.  This  type  of  degradation  scarcely 
requires  the  existence  of  dislocations  and  point  defects  in  the  active  region 
and  are  generated  in  both  AlGaAs/GaAs  and  InGaAsP/InP  devices  [22][23], 
The  cause  of  [110]  DLD  is  the  glide  motion  of  a dislocation  from  the 
surface  of  the  device.  The  [110]  DLD  glide  is  believed  to  be  enhanced  by 
non-radiative  recombination.  Recombination  enhanced  dislocation  glide  is 
characterized  by  the  generation  of  a 60”  dislocation  along  the  [110] 
directions  from  a dislocation  source.  The  gliding  motions  occur  when  the 
AlGaAs/GaAs  LEDs  and  lasers  are  operated  under  a residual  stress.  The 
mechanical  stress  can  originate  from  several  sources  including  bonding 
region  between  the  device  chip  and  electrode,  heat  sink,  or  from  the 
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dielectric  film  inserted  between  the  electrode  and  cap  layer  to  restrict  the 
current  injection  area. 

When  rapid  degradation  is  observed  in  InGaAsP/InP  devices,  the 
source  appears  to  be  the  generation  of  dark  spot  defects  (DSD)  in  the 
active  region.  Yamakoshi  et  al.  [24]  have  reported  that  DSD  included 
precipitation-like  defects  related  to  host  atoms  such  as  In.  Ueda  et  al.  [25] 
used  TEM  to  study  DSDs  and  they  found  bar-shaped  precipitates  lying  in 
the  [100]  and  [110]  directions.  The  defect  regions  were  In  rich  compared 
with  the  crystal  matrix.  The  primary  causes  of  those  DSDs  are  identified 
with  the  precipitation  of  host  atoms  and  the  migration  of  electrode  metal 
such  as  Au  [26].  DSD  generation  due  to  Au  migration  has  been  also 
reported  by  Chin  et  al.  [27]  and  this  is  a main  cause  of  gradual  degradation 
in  InGaAsP/InP  devices. 

Another  degradation  area  besides  the  inner  active  region  is  the 
mirror  facet  of  a laser.  In  an  atmosphere,  oxide  film  grows  as  a result  of 
oxidation  reaction-enhanced  by  emitted  light.  When  the  temperature  rise  at 
the  facet  exceeds  the  melting  point  of  the  laser  crystal,  catastrophic 
damage  occurs  and  the  light  output  power  suddenly  decreases.  The  damage 
is  called  catastrophic  optical  damage  (COD).  Henry  et  al.  [28]  indicated 
that  the  absorption  coefficient  increases  rapidly,  and  calculated  that  the 
temperature  rise  to  around  1500  K (the  melting  point  of  GaAs)  can  be 
reached  within  about  100  nsec  in  a typical  AlGaAs/GaAs  DH  structure 
having  a light  output  power  of  5 MW/cm^.  The  sudden  melting  of  the  light- 
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emitting  part  at  the  facet  is  believed  to  occur  because  of  heating  through 
the  nonradiative  recombination  process. 

1.3. 2.2  Suppression  of  Rapid  Degradation 

The  [100]  DLD  growth,  which  is  a main  problem  in  AlGaAs/GaAs 
devices,  can  be  suppressed  by  eliminating  dislocation  sources.  The 
elimination  of  the  sources  is  performed  by  employing  a clean  GaAs 
substrate  having  a dislocation  density  less  than  10^/cm^.  In  addition,  the 
epitaxial  growth  of  the  DH  structure  should  be  performed  in  a clean 
vacuum  and  pure  material  should  be  used  in  order  to  reduce  the 
introduction  of  impurities.  Addition  of  small  amount  of  A1  or  Mg  to  the 
active  layer  is  an  effective  means  of  improving  the  quality  because  the 
added  A1  or  Mg  getters  oxygen  and  A1  releases  thermal  stress  in  the 
double-heterostructure  layer  and  improves  the  stoichiometry  [29].  Thus,  the 
crystal  growth  process  is  used  for  suppression/elimination  of  [100]  DLD. 

In  contrast,  the  suppression  and  elimination  of  [110]  DLD’s  is 
principally  the  result  of  improvement  in  the  fabrication  process  after  crystal 
growth.  A reduction  of  mechanical  stress  is  necessary  for  suppression  of 
[110]  DLD. 

Recently  InGaAs/GaAs  strained  quantum-well  lasers  have  been 
reported  [30][31].  The  primary  issue  of  reliability  in  the  InGaAs/GaAs 
strained  QW  laser  is  the  existence  of  strain  in  the  active  region  which  is 
usually  on  the  order  of  1 to  3x10^®  dyne/cm^.  This  strain  can  usually  cause 
[110]  dislocations  in  normal  AlGaAs/GaAs  lasers.  Such  strain  is 
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introduced  by  a lattice  mismatch  of  about  1.5  %.  In  spite  of  the  strain,  the 
inner  region  of  the  In  based  lasers  is  quite  stable  and  dark  defects  such  as 
DSD  and  DLD  are  rarely  observed  during  operation.  The  degradation  in 
this  InGaAs/GaAs  strained  QW  structure  seems  to  be  only  slightly 
influenced  by  the  defect  and  growth  related  dislocations.  This  high 
reliability  may  be  attributed  to  both  lattice  hardening  and  strain 
accommodation  [32]. 

Several  suppression  and  elimination  methods  for  facet  oxidation  and 
COD  have  been  developed  and  applied  to  actual  devices,  including  a 
reduction  of  light  absorption  and  separation  of  a facet  from  the 
atmosphere.  Yonezu  et  al.  succeeded  in  the  elimination  of  facet  oxidation 
and  COD  by  reducing  the  light  absorption  at  the  facet  [33].  The  reduction 
was  achieved  by  diffusing  Zn  into  the  active  region  except  in  the  vicinity  of 
the  facet.  Zn  diffusion  lowers  the  band  gap  energy.  Thus  the  current 
injected  into  only  the  Zn-diffused  region,  the  energy  of  the  emitted  light 
can  be  set  to  be  smaller  than  the  bandgap  energy  in  the  vicinity  of  the 
facet.  In  this  situation,  the  absorption  of  emitted  light  at  the  facet  is 
greatly  decreased.  For  the  separation  of  the  facet  from  the  atmosphere,  a 
facet  coated  with  dielectric  film  is  generally  used. 

1.3. 2. 3 Gradual  degradation 

A characteristic  of  the  gradual  degradation  is  a uniform  and 
featureless  darkening  of  the  active  region  accompanied  by  an  increase  in 
deep  level  defect  concentration.  Although  DLDs  or  DSDs  are  not  formed. 
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it  is  believed  that  nonradiative  recombination  takes  place  at  existing 
defects  and  results  in  the  generation  of  new  defects.  Both  the  defect 
density  and  the  nonradiative  recombination  rate  increase  with  time  and  lead 
to  a reduced  efficiency.  Point  defects  generated  in  this  long  process  can 
migrate  and  coalesce  into  defect  clusters  and  microloops.  This  kind  of 
gradual  degradation  most  likely  comes  from  intrinsic  material  properties 
and  can  be  reduced  by  using  a better  crystalline  quality  materials 
[34][35][36], 


1.4  General  Background  : Electrical  Pumping 

When  a single  quantum-well  device  is  under  forward  bias  as  shown 
in  Figure  1.2,  the  electrons  and  holes  are  injected  into  the  quantum  well. 
Most  of  the  electrons  and  holes  are  confined  in  the  well  and  a high 
concentration  of  electrons  and  holes  is  achieved,  the  electron-hole 
recombination  process  then  takes  place  mainly  in  the  quantum-well  region 
and  photons  are  produced  due  to  this  electron-hole  recombination.  There 
are  two  major  recombination  processes,  radiative  and  non-radiative 
recombination.  The  physical  phenomena  related  to  radiative  electron-hole 
recombination  are  spontaneous  emission,  stimulated  emission,  and 
absorption.  These  phenomena  are  closely  related  to  each  other  and  the 
relative  importance  of  them  depends  on  the  device  [37].  Another  type  of 
electron-hole  recombination,  non-radiative  recombination,  also  occurs.  The 
energy  produced  by  nonradiative  recombination  does  not  create  photons. 
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but  is  released  by  lattice  vibrations  (phonons).  This  phonon  formation 
enhances  the  rate  of  the  degradation  of  the  devices.  Thus  the  nonradiative 
recombination  process  plays  an  important  role  in  the  device  degradation. 
For  the  LEDs,  only  spontaneous  emission  and  non-radiative  recombination 
are  considered,  because  stimulated  emission  is  not  involved  in  the  LED 
mode  and  the  absorption  would  be  remain  almost  constant  during  whole 
operation  of  the  device. 

Spontaneous  emission.  Electrons  pumped  into  the  conduction  band 
recombine  with  holes  in  the  valence.  In  this  process,  an  energy 
corresponding  to  the  gap  between  the  electron  state  and  hole  state  is 
emitted  as  photons.  This  phenomenon  is  spontaneous  emission.  The 
transition  between  the  conduction  band  and  valence  band  does  not  take 
place  randomly  in  the  quantum  well.  Transitions  can  take  place  only 
between  the  allowed  energy  states  by  Fermi’s  golden  rule  [38].  The  energy 
state  in  the  quantum  well  is  quantized  and  there  is  only  one  energy  state 
available  in  each  conduction  band  and  valence  band  in  the  quantum  well  for 
the  structures  used  in  this  study.  As  shown  in  Figure  1.3,  there  exists  the 
ground  state  of  electrons  in  the  conduction  band  and  the  ground  state  of 
heavy  holes  in  the  valence  band.  Because  the  band  offset  in  both 
conduction  band  and  valence  band  is  relatively  shallow,  there  is  only  one 
transition  possible  in  spontaneous  emission.  In  other  words  theoretically 
only  one  wavelength  of  the  photons  is  generated  from  our  devices. 
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Non-radiative  recombination.  Non-radiative  recombination  occurs 
mainly  as  a result  of  crystalline  defects,  impurities  and  the  Auger  effect. 
This  nonoradiative  recombination  is  directly  related  to  device  degradation. 
The  energy  emitted  through  recombination  enhances  the  degradation  rate. 
Crystalline  defects  can  include  dislocations,  stacking  faults,  point  defects 
such  as  interstitial  atoms  and  vacancies,  their  complexes,  etc.  Many 
possible  routes  exist  for  nonradiative  recombination  through  those  defects. 
First,  defects  change  the  tight  binding  state  between  the  electron  and  atom, 
and  they  give  rise  to  the  continuum  of  state  joining  the  conduction  band  to 
the  valence  band.  Through  the  continuum  of  state,  electrons  and  holes 
recombine  nonradiatively.  Secondly,  impurities  existing  as  interstitial  atoms 
or  substitutional  atoms  produce  deep  levels  in  the  forbidden  band  gap. 
Electrons  and  holes  within  a diffusion  length  of  the  carrier  from  the 
position  of  the  defect  are  trapped  and  can  radiatively  or  nonradiatively 

recombine.  For  the  nonradiative  process,  heat  can  be  generated  by 

multiphoton  generation  [39]  and  as  a result  new  defects  can  be  also  created 
[40].  This  mechanism  of  nonradiative  recombination  induces  reactions 

which  will  be  explored  in  a later  chapter.  Thirdly,  the  surface  of  a 

semiconductor  can  be  a significant  source  of  defects  because  many  dangling 
bonds  are  generated  and  impurities  from  ambient  exist  at  the  surface.  These 
defects  and  impurities  may  also  introduce  a continuum  of  state  to  the 
surface  [41].  There  is  also  the  Auger  recombination  which  is  a nonradiative 
recombination  process  not  related  to  defects.  The  energy  released  by 
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electron-hole  recombination  is  transferred  to  another  electron  or  hole 
during  the  Auger  recombination  process.  This  Auger  process  appears  under 
high  injection  conditions  and  it  becomes  the  more  rapid  and  dominant 
nonradiative  process  in  narrow  band-gap  semiconductors  [42],  Among  all  of 
the  above  nonradiative  recombinations,  nonradiative  recombination  through 
defect  sites  by  releasing  energy  as  a form  of  multiphonon  is  considered  to 
be  most  closely  related  to  the  degradation  of  LEDs  and  lasers. 
Nonradiative  recombination-induced  heating  and  related  phenomena  have 
been  reviewed  by  Yassievich  [43]  and  Abakumov  et  al.  [44]. 


Band  Gap(eV) 
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Figure  1.1.  Band  gap  energy  and  lattice  constant  of  II- VI  compounds 
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Figure  1.2.  LED  under  the  forward  bias  condition 
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Figure  1.3.  Electron  and  hole  density  of  state  and  available  energy  states  in  the 
conduction  and  valence  band 


CHAPTER  2 

EXPERIMENTS  AND  CHARACTERIZATION  METHODS 

All  of  the  structures  used  for  this  study  were  grown  by  molecular 
beam  epitaxy  (MBE)  in  a research  laboratory  at  3M  company.  The 
characteristics  of  the  as  grown  samples,  such  as  lattice  mismatch  and 
crystalline  quality,  were  examined  by  high  resolution  x-ray  diffraction 
(HRXRD)  and  transmission  electron  microscopy  (TEM).  Light  emitting 
devices  (LED)  were  then  fabricated  in  a clean  room.  The  LEDs  were 
degraded  by  applying  an  electrical  current  and  the  characteristics  of  these 
LEDs  were  investigated  during  operation  using  electroluminescence  (EL) 
microscopy.  These  degraded  devices  were  then  further  examined  by 
photoluminescence  (PL)  spectroscopy  both  at  low  temperature  and  room 
temperature,  secondary  ion  mass  spectrometry  (SIMS)  and  plan-view  and 
cross-sectional  TEM.  The  details  of  the  device  structure,  LED  fabrication, 
electrical  degradation  setup,  and  the  characterization  techniques  used  in 
this  work  are  discussed  in  the  following  sections. 

2.1  Device  Structures 

The  samples  were  grown  on  (100)  Si-doped  n"^  -GaAs  substrate  in  a 
modular  Perkin-Elmer  Model  430  system.  The  MBE  system  and  the 
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substrate  preparation  technique  are  described  in  greater  detail  by  Haase  et 
al.  [45]  [46],  Three  different  sample  structures  were  used  in  this  study  and 
are  as  follows. 

2.1.1  A Ternary-Based  Separate-Confinement  Heterostructure 

This  sample  is  a separate-confinement  heterostructure  (SCH)  with 
cladding  layers  of  ZnS0.06Se0.94,  barrier  layers  of  ZnSe  and  quantum-well 
active  layer  of  Zn0.sCd0.2Se.  A schematic  of  this  structure  (Structure  I)  is 
shown  in  Figure  2.1.  The  composition  of  the  cladding  layer  in  this  structure 
was  chosen  to  lattice-match  to  GaAs  substrate  in  an  effort  to  reduce  the 
mismatch  related  defect  density.  The  cladding  layers  are  nearly  lattice- 
matched  to  the  GaAs  substrate  at  the  growth  temperature.  The  ZnSe  layers 
are  used  as  guiding  or  optical  field  confinement  because  of  their  higher 
refractive  index  when  compared  to  the  ZnSo.oeSe  cladding  layer.  However, 
the  structure  produced  in  this  fashion  suffers  from  a lattice  mismatch  of 
0.27  % between  the  cladding  and  barrier  layers.  The  relaxation  of  this 
mismatch  is  accomplished  by  generation  of  misfit  dislocations  and  other 
extended  defects  at  the  ZnSSe/ZnSe  heterointerface.  For  electrical 
confinement  a very  highly  strained  quantum-well  was  utilized  in  this 
structure.  In  order  to  have  a pseudomorphic  quantum-well  layer,  the  well 
thickness  needed  to  be  kept  below  50  A since  the  lattice  mismatch  between 
ZnSe  and  Zn0.gCd0.2Se  is  about  1.3  %. 

The  conduction  band  offset  AEc  and  valence  band  offset  AEv  at  the 
ZnSe/Zno.gCdo.2Se  heterointerface  are  140-270  meV  and  60-120  meV 
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respectively.  The  net  acceptor  concentration,  Na-Nd,  in  the  p-type  layers 
was  around  6x10^’  /cm^  and  free  electron  density  in  the  n-type  layers  was 
about  1x10^*  /cm^. 

2.1.2  A Simplified  Ternary-Based  Heterostructure 

This  light  emitting  device  structure  is  a simpler  version  of  the 
ternary-based  SCH.  In  order  to  reduce  the  nucleation  of  structural  defects, 
such  as  misfit  dislocations  and  threading  dislocations,  during  the  growth, 
the  layers  were  grown  at  a lattice  matched  (pseudomorphic)  condition.  The 
sample  consists  of  a ZnSe  buffer  layer,  a n-type  ZnSo.oe  Seo.94  layer,  a 
Zno.8Cdo.2Se  single  quantum  well  and  a p-type  ZnSo.oe  Seo.94  barrier  layer 
and  this  structure  (Structure  II)  is  shown  in  Figure  2.2.  The  quantum-well 
is  tetragonally  distorted  and  the  amount  of  strain  in  the  ZnCdSe  quantum- 
well  is  1.6  %.  In  this  structure  only  electronic  confinement  can  be 
accomplished.  Although  all  the  layers  grown  are  theoretically  to  be  lattice- 
matched  to  the  GaAs  substrate,  there  appears  to  be  a lattice-mismatch 
between  ZnSSe  layers  and  GsAs  substrate. 

2.1.3  A Quaternarv-Bbased  Separate-Confinement  Heterostructure 

One  way  to  accomplish  the  lattice  matching  condition  in  the 
separate-confinement  heterostructure(SCH)  is  to  utilize  the  ZnMgSSe 
quaternary  compounds.  This  alloy  allows  for  the  tuning  of  the  lattice 
constant,  band-gap  of  the  layer,  the  band  offsets  and  refractive  indices.  So 
that  both  electronic  confinement  and  optical  confinement  can  be 
accomplished.  A schematic  of  such  a sample  (Structure  III)  is  shown  in 
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Figure  2.3.  This  is  the  third  structure  investigated.  All  the  layers  are 
supposed  to  be  lattice  matched  to  the  GaAs  substrate,  however,  high 
resolution  x-ray  diffraction  indicated  a slight  mismatch  at  room 
temperature  still  exists.  The  compositions  of  the  cladding  and  barrier  layer 
is  Zno.9  Mgo.i  So. 12  Seo.gs  and  ZnSo.oe  Seo.94  respectively.  The  composition 
of  the  quantum  well  is  the  same  as  other  samples,  Zno.8Cdo.2Se.  The  doping 
levels  ( Na-Nd)  in  the  p-type  ZnMgSSe  and  ZnSSe  regions  are  about 
5x10^^  /cm^  and  1x10^’  /cm^.  The  amount  of  strain  in  ZnCdSe  quantum- 
well  is  the  same  as  that  of  structure  II.  A special  feature  in  this  sample  is 
that  a graded  ZnTe/ZnSe  ohmic  contact  has  been  grown  onto  the  p-type 
ZnMgSSe  layer.  The  method  utilizing  a heavily  doped  ZnTe:N  is  described 
in  detail  by  Fan  et  al  [47]. 

2 2 Electrical  Degradation  of  LEDs 

Light  emitting  devices  were  fabricated  as  surface  emitting  types. 
Then  the  direct  current  (DC)  was  applied  to  LEDs,  while  the  amplitude  and 
repetition  rate  and  duty  cycle  were  kept  constant.  During  operation  the 
characteristics  of  light  output,  such  as  the  output  intensity  and  wavelength 
was  monitored  and  stored  by  the  optical  multichannel  analyzer  controlled 
by  a computer.  At  the  same  time  the  evolution  of  degradation  defects 
which  was  appeared  as  dark  spots  and  dark  lines  on  the  CRT  screen  was 


monitored. 
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2.2.1  LED  fabrication  for  EL 

Light  emitting  diodes  were  fabricated  for  the  electroluminescence 
microscopy.  The  sample  was  cleaned  by  dipping  into  first  TCE  (Tetra- 
Chloro  Ethane)  solution  then  acetone  and  methanol  subsequently  for  about 
60  seconds  each.  The  sample  was  then  dried  with  N2  gas  by  blowing  on  the 
surface  followed  by  drying  in  a oven  for  10  minutes  at  60-70  °C.  After 
cleaning  a standard  photolithography  was  performed  to  define  the  device 
pattern.  Using  a mask,  an  array  of  300pm  x 300  pm  squares  was  opened  up 
in  the  photoresist  on  the  sample.  The  100  angstrom-thick  gold  was 
evaporated  on  the  whole  sample.  The  standard  lift  off  process  was  done  to 
remove  the  photoresist  outside  of  the  squares.  Using  another  mask,  an 
array  of  electrical  contact  pads  was  opened  up.  The  electrical  contact 
areas  were  defined  along  the  edges  of  squares  with  the  width  of  50  micron. 
About  1500  angstrom-thin  gold  was  deposited  onto  the  contact  areas.  The 
inside  area  enclosed  by  this  thick  gold  band  is  transparent  to  photons 
emitted  from  the  quantum  well.  Electroluminescence  imaging  was  possible 
by  passing  the  light  exiting  from  the  top  surface  of  the  LED  through  a 
optical  microscope.  Gold  was  deposited  on  the  backside  of  the  sample  to 
provide  the  other  contact.  Figure  2.4  shows  a flow  chart  of  the  LED 
fabrication  process. 

The  sample  was  then  mounted  on  a copper  block  which  played  a role 
of  heat  sink.  A silver  paste  was  used  to  adhere  the  sample  to  the  copper 
block  both  thermally  and  electrically.  The  current  was  then  applied  to  the 
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copper  block  and  the  gold  pad  on  the  surface  of  the  sample  using  a sharp 
tungsten  pin.  A schematic  after  mounting  is  shown  in  Figure  2.5. 

2.2.2  Experimental  Setup  for  EL  microscope 

The  EL  from  the  active  region  of  the  device  is  focused  on  a CCD 
camera  and  a topography  can  be  observed  on  the  CRT  monitor,  where  the 
image  is  enlarged  by  the  optical  microscope.  This  method  allows  easy 
observation  of  dark  defect  generation  and  growth  (dark  spot  defect-DSD, 
and  dark  line  defect-DLD)  during  operation  in  the  active  region  of  the 
device,  LEDs  or  lasers.  When  the  cladding  layers  are  transparent  against 
the  emitting  light  from  the  active  region  or  do  not  absorb  much,  this 
observation  method  is  applicable.  A schematic  of  the  experimental  setup 
for  observing  EL  image  and  measuring  parameters  of  the  emitted  light  is 
shown  in  Figure  2.6. 

Systems  used  in  this  setup  are  as  follows;  A voltage  pulse  generator 
was  used  to  supply  a voltage  pulse  of  constant  magnitude.  The  model  is 
214B  Hewlett  Packard  and  it  generates  direct  current.  The  pulse  repetition 
rate  (Hz),  duty  cycle  (%),  pulse  width  (sec)  and  amplitude  (volts)  were 
controlled.  These  parameters  were  set  constantly  for  a degradation  process 
and  a pulse  shape  is  shown  in  Figure  2.7.  An  oscilloscope  (model  2215 
Hewlett  Packard)  was  used  to  monitor  the  current  pulse  in  ampere  going 
through  the  LED  device  using  a converter.  The  current  density 
(ampere/cm^)  during  operation  was  obtained  using  this  oscilloscope.  The 
C2400  Hamamatsu  CCD  camera  was  used  to  capture  the 
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electroluminescence  image  through  a optical  lens  (20X).  The  optical  lens 
are  used  for  focusing  and  enlargement  of  the  image.  The  image  was  sent  to 
the  TR930B  Panasonic  video  monitor  to  observe  electroluminescence 
topograph.  At  the  same  time  the  parameters  of  the  emitted  light  from  a 
LED,  such  as  wavelength  and  intensity,  were  measured  using  the  model 
1460  optical  multichannel  analyzer  (OMA).  The  data  acquisition  and 
display  with  a signal  processing  were  done  by  this  computerized  system.  In 
front  of  the  OMA  system  a photo  detector  (model  1453A  EG  & G 
Princeton  Applied  Research)  was  attached.  This  is  a silicon  photo  diode 
detectors,  which  has  1024  elements  photodiode  array  detector.  The 
detectable  range  of  wavelength  is  371  nm  to  669.3  nm  with  the  resolution 
of  0.3  nm. 

2.3  Characterization  Methods 
2.3. 1 Transmission  Electron  Microscopy 

Using  a JEOL  200CX  transmission  electron  microscope,  as  grown 
samples  and  degraded  ones  were  analyzed  by  cross-sectional  and  plan-view 
transmission  electron  microscopy  (XTEM  and  PTEM).  XTEM  was  used  to 
study  structural  defect  evolution  in  the  heterostructures.  PTEM  was  used 
to  determine  extended  defect  densities  in  the  layers  and  to  investigate  dark 
spot  defects  and  dark  line  defects.  The  main  efforts  were  directed  to  find 
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out  those  degradation  related  defects  and  characterize  them.  Some  unique 
features  of  the  preparation  of  TEM  specimen  is  described  in  the  following. 

Cross-sectional  TEM  specimen  preparation.  The  samples  were  cut 
into  250  micron  thick  strips  using  a diamond  dicing  saw.  The  epilayer 
surfaces  of  the  two  strips  were  coated  with  M600  Bond  epoxy  resin  and 
brought  together  in  such  a way  that  these  coated  surfaces  were  closely 
contacted  each  other.  The  glued  strips  were  then  heated  for  60  minutes  at 
100  °C  for  curing  the  epoxy  resin.  After  curing  the  bonded  strips  were 
mechanically  polished  down  to  a thickness  of  about  40  micron  using  a 
Struers  polishing  jig  and  5 micron  size  AI2O3  powder.  In  order  to  get  a 
smooth  polishing  surface,  the  sample  was  lapped  on  a 1 micro  size  grid 
silicon  carbide  paper.  A copper  ring  was  then  mounted  on  the  thinned 
specimen  to  provide  mechanical  stability.  The  specimen  was  thinned  further 
in  a Gatan  ion  miller  using  the  sputtering  action  of  Ar^  ion  at  a gun  voltage 
of  no  more  than  3 KV  and  a gun  current  of  0.5  mA  until  a small  hole  was 
obtained.  The  ZnSe  based  compound  has  been  known  to  be  damaged  during 
ion  milling.  The  gun  voltage  had  to  be  kept  below  3 KV  in  order  to  prevent 
any  ion  milling  damages.  However,  there  was  still  some  damage  observed  in 
the  TEM  and  it  is  necessary  to  differentiate  this  from  degradation  induced 
defects.  The  regions  in  the  vicinity  of  the  hole  were  thin  enough  for 
electron  transparency  and  could  be  analyzed  in  the  TEM. 

Plan-view  TEM  specimen  preparation.  Ion  milling  method  was  used 
for  the  plan  view  TEM  samples.  The  sample  was  cut  into  2 mm  x 2 mm 


28 


squares  using  a dicing  saw  again.  Since  the  samples  consist  of  many 
different  layers  on  the  GaAs  substrate,  the  first  step  towards  the 
preparation  of  a PTEM  specimen  involves  polishing  the  substrate  side  of 
the  sample.  The  sample  was  polished,  using  the  same  procedures  as  XTEM 
specimen  preparation  down  to  a thickness  of  40  microns.  A copper  ring 
was  mounted  on  the  substrate  side  and  thinned  further  in  a Gatan  ion 
miller.  The  substrate  side  was  ion  milled  first  using  only  one  ion  gun  until 
a small  hole  was  obtained.  The  Ar"^  ion  gun  voltage  kept  below  3 KV  and 
the  gun  current  also  kept  below  0.5  mA  during  the  whole  ion  milling. 
After  forming  a small  hole  the  epilayer  side  was  ion  milled  gradually. 
Every  10  minutes  ion  milling  was  stopped  and  the  specimen  was 
investigated  in  the  TEM  until  the  electron  transparent  region  is  reached  to 
the  quantum  well  active  area. 

Chemical  etching  to  get  rid  of  ion  milling  damages.  It  is  common 
for  ZnSe  based  compounds  that  ion  milling  damage  results  in  black  dot 
contrast  in  TEM.  In  order  to  eliminate  those  ion  milling  induced  damages  a 
chemical  etching  was  employed.  After  the  sample  was  ion  milled,  the 
specimen  was  dipped  into  a 1 % Bra/CHsOH  solution  for  1 seconds,  then 
rinse  in  methanol(CH30H)  and  in  D.I.  water  consequently.  This  method 
appears  to  be  the  most  effective  one  as  described  by  Yu  et  al.  [48] 

2.3.2  High  Resolution  X-rav  Diffraction 

A Philips  HRXRD  was  used  to  characterize  the  lattice  mismatch 
among  the  epilayers  and  the  degree  of  strain  relaxation  in  the  layers.  Even 
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though  all  the  epilayers  were  supposed  to  be  lattice-  matched  to  the  GaAs 
substrate  as  they  were  grown,  the  lattice  parameter  each  layer  turned  out 
to  be  different.  Two  basic  methods  of  HRXRD  analysis  were  performed  for 
the  as  grown  and  degraded  samples,  i.e.  rocking  curves  and  diffraction 
space  mapping. 

Rocking  curves.  Both  symmetric  plane  reflection  and  asymmetric 
plane  reflection  were  used.  A peak  position  of  a symmetric  plane,  such  as 
the  (004)  plane  can  be  used  to  determine  the  lattice  spacing  between  the 
(004)  planes.  The  angular  separation  between  the  substrate  and  epilayer 
peaks  can  be  used  to  determine  the  perpendicular  lattice  mismatch.  In  order 
to  find  the  in-plane  lattice  mismatch,  an  asymmetric  reflection  must  be 
measured.  This  is  a reflection  from  a lattice  plane  inclined  to  the  surface, 
such  as  the  (224)  plane.  The  more  detailed  methods  and  evaluation  of  the 
mismatch  both  in  the  perpendicular  and  parallel  direction  to  the  surface  are 
described  in  chapter  4. 

Diffraction  space  mapping.  The  inhomogeneous  and  or  mosaicity  of 
the  epilayer  can  be  obtained  using  the  triple  axis  configuration.  Figure  2.8 
shows  the  diagram  of  the  triple  axis  diffractometer.  It  is  a regular  high 
resolution  diffractometer  using  a four  crystal  monochromator  with  an 
additional  channel-cut  crystal  placed  on  the  2-theta  arm,  immediately 
before  the  detector.  Both  the  in-plane  and  perpendicular  lattice  parameters 
can  be  derived  from  a single  two-dimensional  reciprocal-space  map  from  a 
asymmetric  plane.  If  an  epitaxial  film  is  misoriented  or  tilted  at  a certain 
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angle  with  respect  to  the  substrate,  at  least  8 measurements  of  rocking 
curves  have  to  be  obtained  to  figure  out  the  exact  lattice  tilt  and  lattice 
mismatch.  Because  this  diffraction  space  map  isolates  the  components  of 
strain  and  tilt,  the  individual  layer  tilts  can  be  determined  and  then  used  to 
correct  the  data  obtained  from  the  asymmetric  rocking  curves. 

Measurement  parameters.  The  X-ray  tube  generator  was  operated  at 
40  KV  and  40  mA  and  produced  Cu  ka  radiation  at  the  wavelength  of 
1.54056  A.  The  Bartels  4-crystal  monochromator  was  set  to  Ge  (440) 
planes.  The  sample  were  mounted  on  a glass  slide  with  a scotch  tape  and 
care  was  taken  to  minimize  any  stresses  on  the  sample.  The  glass  slide  and 
sample  were  then  mounted  on  the  goneometer  with  the  mounting  plate.  The 
sample  surface  was  aligned  to  the  center  of  the  optical  axis  of  X-ray  by 
using  a dial  gauge.  The  normal  procedures  for  optimization  were 
performed.  For  the  rocking  curves,  the  omega  (oj)  / 2theta  (20)  scan  was 
chosen  because  it  is  most  sensitive  to  differences  in  lattice  plane  spacing. 
Omega  refers  to  the  angle  between  the  crystal  surface  plane  and  the  optical 
axis  of  x-ray  source.  2theta  is  the  angular  position  of  the  detector  relative 
to  the  same  optical  axis.  For  the  reciprocal  lattice  mapping,  an  aerial,  2- 
dimensional  scan  was  chosen.  The  combination  of  an  omega  scan  and  an 
omega/2theta  scan  was  performed  since  this  gives  information  on  the 
oriental  relationship  between  sets  of  lattice  planes. 
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2.3.3  Photoluminescence 

For  the  low  temperature  photoluminescence,  samples  were  cooled 
down  to  20-23  K in  a cryostat  of  liquid  helium.  This  low-temperature 
measurements  were  necessary  to  obtain  spectroscopic  information  by 
minimizing  thermally-activated  recombination  process  and  thermal  line 
broadening.  Since  the  offset  in  the  conduction  band  and  valence  band  is 
relatively  small  for  the  structures  studied  here,  samples  were  excited  with 
the  focused  beam  of  He-Cd  laser  in  order  to  obtain  a maximum  output 
intensity. 

PL  measurements  were  used  to  investigate  (1)  the  strain  relaxation  in 
the  quantum  well,  (2)  the  temperature  dependence  of  the  quantum  well 
material  on  temperature  and  (3)  the  atomic  interdiffusion  in  the  quantum 
well  due  to  thermal  annealing  as  will  be  discussed. 

2.3.4  Secondary  Ion  Mass  Spectrometry 

Secondary  Ion  Mass  Spectrometry(SIMS)  was  performed  with  a 
Perkin-Elmer  6600  system  to  get  the  depth  profile  of  atomic  interdiffusion 
around  the  QW  active  region.  In  order  to  resolve  the  small  dimension  of 
quantum  well(50  angstrom),  the  following  optimization  conditions  were 
used  after  many  trials.  The  Cs^  primary  ion  beam  operated  at  a voltage  of 
3 keV  and  a beam  current  of  31  nA.  The  rastered  area  was  400  pm  x 400 
pm  and  the  analyzed  area  was  300  pm  x 300  pm.  In  order  to  improve  the 
resolution  of  SIMS  profile  the  quantum  well  should  lie  close  to  the  surface. 
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Since  the  quantum  well  is  located  around  1 micron  below  the  surface,  the 
top  surface  of  the  samples  for  SIMS  were  lapped  down  mechanically  using 
Syton.  This  solution  is  a mixture  of  0.01  micron  size  of  SiC  and  water.  The 
depth  profile  mode  was  used  to  scan  for  preselected  species  as  a function 
of  time. 
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Figure  2.1. 


Ternary-based  separate-confinement  heterostructure  (Structure  I) 
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Figure  2.2.  Simplified  ternary-based  heterostructure  (Structure  II) 
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Figure  2.3. 


Quaternary-based  separate-confinement  heterostructure  (Structure  HI) 
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Figure  2.4.  A flow  chart  of  LED  fabrication 
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Figure  2.5.  Mounting  LEDs  on  a copper  block  and  the  dimension  of  LED 
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Figure  2.6.  Experimental  setup  for  electrical  degradation  of  LEDs 
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Figure  2.7.  Schematic  of  a dc  pulse:  20  % duty  cycle  and  10  Khz  repetition  rate 
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Figure  2.8.  Cofiguration  of  HRXRD  for  two-dimentional  area  scan 


CHAPTER  3 

DEGRADATION  TRENDS 


The  characteristics  and  trends  of  LED  degradation  may  depend  on 
the  intrinsic  properties  of  materials  comprising  the  device.  The  laser 
structures  of  II- VI  ZnSe  devices  were  observed  to  be  degraded  by  dark  line 
defects  formation  whether  being  operated  in  the  LED  mode  or  laser  mode 
[49],  In  the  LED  mode  only  spontaneous  emission  takes  place.  Lasers  can 
be  produced  by  stimulated  emission  above  a threshold  current  density. 
The  EL  spectra  of  LEDs  fabricated  from  each  structure  are  shown  in  Figure 
3.1.  In  order  to  see  investigate  the  LED  degradation  phenomena,  the 
changes  in  wave  length  and  output  intensity  of  the  emitted  light  were 
measured  during  the  LED  operation.  The  experimental  set  up  was 
explained  in  chapter  2. 

The  degradation  trends  which  depend  on  the  pre-existing  defect 
density  and  driving  condition  are  reported.  The  external  efficiency  curves 
were  surveyed  before  and  after  degradation.  The  efficiency  decreases  after 
degradation.  This  is  attributed  to  an  increase  of  the  concentration  of 
nonradiative  electron-hole  recombination  sites.  I-V  characteristics  were 
obtained  during  the  degradation  and  related  to  the  structural  changes.  It 
was  not  possible  to  measure  the  temperature  of  the  active  region  during 
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LED  operation  directly.  To  estimate  the  temperature  of  the  quantum-well 
region,  the  temperature  dependence  of  band  gap  was  utilized. 

3.1  General  Degradation  Trends 

Driving  conditions  for  the  measurement  of  output  power  change  as  a 
function  of  time  are  shown  in  Table  3.1. 


Table  3.1.  Current  driving  conditions 


Conditions 

values 

current  density 

16.7  A/cm2 

repetition  rate 

10  K Hz 

pulse  width 

40  psecs 

duty  cycle 

40% 

The  operating  ambient  temperature  was  room  temperature(300K).  The 
output  power  was  measured  during  operation  and  the  driving  conditions 
were  maintained  a constant  during  degradation.  The  result  of  degradation 
trend  of  ternary  based  SCH  (structure  I)  is  shown  in  Figure  3.2.  LEDs 
degraded  rapidly  at  the  initial  stages  of  the  aging  period  with  the  output 
power  decreasing  exponentially.  The  decrease  in  the  light  output  power 
has  been  previously  reported  for  III-V  compound-based  LEDs  and  is  given 
by  [50] 


P(0  = F’(0)exp(-p^r) 


(3-1) 
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where  P(0)  and  P(t)  are  initial  output  power  and  output  power  after  time  t, 
respectively.  The  degradation  coefficient,  Pd  , indicates  the  slope  of  the 
decreasing  line  of  optical  power  with  degradation  time  and  hence  the  rate 
of  decrease  in  the  output  power.  This  value  of  Pa  usually  depends  on  the 
driving  conditions  and  the  structural  quality  of  the  devices. 

The  output  power  calculation  was  done  by  obtaining  a sum  of  all  the 
energies  of  photons  detected  by  the  Si  detector  array.  The  output  intensity 
detected  by  the  OMA  system  is  the  number  of  photons  in  16  msec  for  each 
wave  length  interval  (3  nm).  The  output  power  was  calculated  using  the 
following  formula, 

P = ^hwf(w)dw  (3-2) 

where  h is  reduced  Plank  constant  and  the  function  f(w)  is  the  angular 
frequency  which  is  a function  of  wavelength,  wis  equal  to  liic/X  , where 
c is  the  velocity  of  light  and  X is  the  wave  length.  The  wave  length 
distribution  of  emitted  light  from  the  ternary  based  SCH  (structure  I)  is 
shown  in  Figure  3.3.  This  figure  also  shows  the  output  intensity  changes  as 
a function  of  the  degradation  time.  The  calculated  output  power  using 
this  method  is  a small  portion  of  the  total  external  output  power.  The 
measured  intensity  was  obtained  through  a slit  in  front  of  the  detector,  as 
such  all  the  light  emitted  was  not  detected.  Only  a small  portion  of  the 
emitted  light  was  detected.  It  is  assumed  that  the  power  measured  in  this 


44 


way  is  proportional  of  the  total  power  produced  in  the  quantum-well  over 
the  course  of  degradation. 

3.1.1  Degradation  Dependence  on  Current  Density 

To  investigate  degradation  dependence  on  the  current  density,  LEDs 
were  degraded  while  monitoring  output  intensity.  The  driving  conditions 
used  were  the  same  as  shown  in  Table  3.1  except  for  varying  the  current 
density.  Increasing  current  density  flowing  through  the  LED  increased  the 
rate  of  degradation.  This  degradation  dependence  on  the  current  density  is 
shown  in  Figure  3.4  and  Figure  3.5.  Dark  spot  and  dark  line  defects  were 
observed  in  the  electroluminescence  microscope  during  degradation.  These 
defects  appeared  to  develop  more  rapidly  with  increasing  current  density. 
These  dark  defects  has  been  considered  a major  problem  in  the  II- VI  ZnSe- 
based  light  emitters.  The  generation  and  propagation  of  DLDs  appear  to  be 
strongly  dependent  on  the  current  density. 

If  the  current  density  were  to  be  increased  to  that  for  laser 
operation,  the  device  would  degraded  much  more  rapidly.  The  current 
density  for  laser  operation  is  typically  between  0.5  and  2 KA/cm^  [49] 
[51][52].  After  development  of  the  more  efficient  ohmic  contact  onto  the 
p-type  upper  layer  by  utilizing  resonant  tunneling  multiple  quantum-well 
structure,  the  threshold  current  density  for  ZnSe-based  lasers  is  in  the 
range  of  0.5  KA/cm^  for  lasing.  If  the  current  density  is  projected  to  that 
of  the  lasing  level,  the  time  for  lasing  operation  would  be  a few  seconds  as 
shown  in  the  Figure  3.6.  This  figure  shows  that  the  time  for  LEDs  to  be 
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degraded  down  to  the  30%  of  the  initial  output  intensity  as  a function  of 
current  density.  The  time  for  lasers  to  stop  lasing  is  on  the  projection  line 
of  the  LEDs  and  is  on  the  order  of  few  seconds.  This  indicates  that  the 
degradation  of  lasers  would  be  the  same  as  that  of  LEDs.  The  structures 
may  also  be  extremely  vulnerable  to  the  higher  current  flow. 

3. 1.2  Degradation  Dependence  on  Pre-existing  Defect  Density 

In  order  to  compare  the  dependence  of  degradation  on  the  as-grown 
defect  density,  the  ternary-based  SCH  (structure  1)  and  simplified  ternary- 
based  heterostructure  (structure  II)  were  used  for  this  study.  The  ternary- 
based  SCH  has  more  defects  around  the  quantum-well  than  the  simplified 
ternary-based  heterostructure.  The  density  of  the  extended  defects  (mainly 
stacking  faults)  in  the  structure  was  determined  from  plan-view  TEM 
analysis.  The  extended  defect  density  near  the  active  quantum  well  region 
of  the  ternary-based  SCH  on  the  order  of  10®  /cm^  while  it  was  less  than 
10®/cm^  for  the  simplified  ternary-based  heterostructure.  This  was 
calculated  using  the  length  of  partial  dislocations  in  an  observed  unit 
volume  near  the  quantum  well.  LEDs  were  fabricated  as  detailed  in  chapter 
2 and  were  operated  under  the  same  driving  conditions.  The  driving 
conditions  were  that  the  repetition  rate  was  10  KHz,  duty  cycle  was  40%  , 
pulse  width  was  40  psec  and  the  current  density  was  15  A/cm^. 

The  degradation  of  LEDs  was  found  to  be  strongly  dependent  on 
the  extended  defect  density  in  the  structure.  The  more  the  as-grown 
structural  defects,  the  more  rapid  the  output  power  decreased  as  shown  in 
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Figure  3.7.  When  the  current  density  was  changed,  the  time  for  70% 
degradation,  that  is  time  to  degrade  the  output  intensity  down  to  30%  of 
the  initial  intensity,  was  much  shorter  for  higher  defect  density  structure. 
This  trend  is  shown  in  Figure  3.8.  Therefore  the  pre-existing  crystal 
defects  play  an  important  role  in  the  degradation  process.  In  III-V  devices, 
dark  line  defects  were  observed  to  form  readily  at  defects  such  as  threading 
dislocations  and  other  structural  extended  defects.  Stacking  faults,  which 
are  the  major  type  of  defects  in  II-VI  ZnSe-based  structure,  may  act  as 
sources  of  degradation-induced  defects. 

3.2  Efficiency 

3.2.1  LED  Efficiency  Change  due  to  Nonradiative  Recombination 

The  external  efficiency  is  usually  proportional  to  the  internal 
efficiency  and  also  should  be  proportional  to  the  injected  current.  The 
external  efficiency  was  measured  before  and  after  degradation.  LEDs 
fabricated  from  the  simplified  ternary  based  heterostructure  was  degraded 
down  to  50%  of  the  initial  output  intensity  (50%  degradation)  The  reason 
why  50%  degradation  was  chosen  was  that  even  though  dark  line  defects 
were  observed  at  this  level  of  degradation  in  electroluminescence 
microscopy,  no  new  extended  defects  were  found  by  TEM.  This 
observation  will  be  described  more  in  the  chapter  5.  The  conclusion  is  that 
some  changes  in  the  crystalline  structure  around  the  active  region  have 
taken  place  but  are  not  observable  in  TEM  for  the  50%  degraded  LEDs. 
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The  external  efficiency  was  obtained  by  measuring  the  output  power 
of  light  emitted  as  a function  of  current  density  for  the  as-grown  state  LED 
and  degraded  LED.  The  driving  conditions  for  the  this  measurement  were  a 
10  KHz  of  the  repetition  rate,  a 20%  of  duty  cycle  and  a 20  psec  pulse 
width.  The  power-current  (P-I)  curves  are  shown  in  Figure  3.9.  This  graph 
clearly  shows  the  output  efficiency  was  substantially  decreased  after  50% 
degradation.  This  decrease  in  output  efficiency  could  be  explained  by  a 
decrease  in  the  nonradiative  recombination  lifetime  as  a result  of 
submicroscopic  defects  generated  during  operation. 

To  better  understand  why  the  nonradiative  lifetime  is  decreasing,  one 
must  look  at  the  light  emission  process  more  detail.  Spontaneous  emission 
takes  place  when  the  electrical  current  flows  through  the  active  quantum 
well.  When  a certain  density  of  electrons  are  injected  into  the  active  layer, 
an  equal  density  of  holes  are  also  injected  because  of  the  requirement  of 
charge  neutrality.  Under  constant  driving  conditions,  such  as  dc  operation, 
(If  injected  electron  and  hole  densities  are  expressed  by  An  and  Ap),  the 
density  of  electron  (n)  and  hole  (p)  can  be  expressed  by 


n = A n = T„  — 
qd 


(3-3) 


(3-4) 
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where  Xn  and  Xp  are  electron  and  hole  lifetimes  and  they  correspond  to  the 
time  when  the  density  of  the  excited  carriers  is  reduced  by  recombination 
to  1/e  of  the  initial  value.  Usually,  the  carrier  life  time  is  divided  into  two 
terms:  for  radiative  recombination,  Xr,  and  for  nonradiative  recombination, 
Xnr-  The  carrier  life  time  is  expressed  by 

1/  x„  = 1/x,  + l/x„r  (3-5) 

where  Xr  is  for  determined  by  spontaneous  emission  as  follows 
Xr  = A n /Rr 

where  Rr  is  the  radiative  recombination  rate. 

The  efficiency  of  radiative  recombination  (internal  quantum 
efficiency)  is  expressed  by 

’1,=—^  (3-6) 

X + X 

r "nr 

where,  x,  is  the  carrier  lifetime  for  radiative  recombination  and  x„r  is  the 
carrier  lifetime  for  nonradiative  recombination. 

The  emitted  light  output  power  is  proportional  to  the  emitted  light 
from  the  active  layer.  The  output  power  is  less  than  a few  percent  of  the 
total  emitted  light  from  the  active  region.  The  emitted  light  power  from  the 
quantum  well  layer  is  given  by  the  product  of  the  emitted  photon  number 
and  its  energy,  hv.  The  photon  number  created  by  recombination  in  a unit 
volume  of  the  active  layer  is  a product  of  injected  carrier  density  (An)  and 
an  internal  quantum  efficiency  (T]i),  corresponding  to  the  ratio  of  emitted 
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photon  number  to  injected  electron  number.  Therefore  the  power  emitted 
from  a unit  volume  of  the  active  layer,  Pi,  can  be  expressed  by 


Pi  = (i 

qd 


qd  1 + r, /r„ 


(3-7) 


where  J is  the  current  density,  q is  the  charge  of  electron  and  d is  the 
thickness  of  the  active  layer.  The  radiative  recombination  lifetime  does  not 
change  and  it  is  a intrinsic  property  of  material.  So  this  equation  indicates 
the  decrease  in  the  light  output  power  during  device  degradation  is 
basically  caused  by  the  decrease  in  carrier  lifetime  due  to  a decrease  in  the 
nonradiative  recombination  lifetime. 

The  main  cause  of  the  reduced  carrier  lifetime  is  the  poor  quality  of 
materials  [53].  In  general,  a high  quality  semiconductor  with  few  defects 
usually  has  a long  carrier  lifetime.  On  the  other  hand,  poor  quality 
semiconductors  have  a short  carrier  lifetime  and  a large  defect  density. 
During  degradation,  dark  line  defects  and  other  types  of  degradation 
induced  defects  are  generated  and  they  act  as  nonradiative  recombination 
centers.  The  decrease  in  carrier  lifetime  due  to  these  degradation-induced 
defects  results  in  a lower  output  power. 

3.2.2  Analytical  Calculation  of  Efficiency 


A relationship  between  light  output  power  and  current  density  for  a 
LED  has  been  derived  based  on  semiconductor  theories  in  the  following.  A 
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theoretical  calculation  of  the  output  power  was  evaluated  as  a function  of 
radiative  and  non-radiative  recombination  rate.  This  calculated  value  was 
compared  with  those  obtained  from  experiments.  The  main  purpose  of  this 
section  is  to  show  that  the  output  power  of  emitted  light  is  reduced  due  to 
the  non-radiative  recombination. 

Before  lasing  in  a laser  diode,  light  emission  takes  place  in  the  LED 
mode.  In  other  words,  the  change  from  spontaneous  emission  to  stimulated 
emission  occurs  at  a threshold  current  density.  Figure  3.10  shows  that  a 
laser  device  operates  in  the  LED  mode  (spontaneous  emission)  below  the 
threshold  current  density  and  it  runs  in  the  stimulated  emission  mode  above 
the  threshold  current  density.  The  optical  gain  during  stimulated  emission 
for  lasers  has  been  well  established  theoretically.  The  spontaneous 
emission,  however,  has  been  less  investigated. 

If  we  apply  the  nonradiative  recombination  rate  of  bulk 
semiconductors  to  a quantum  well  device,  a general  expression  for  the  net 
nonradiative  recombination  rate  at  a thermal  equilibrium  can  be  expressed 
by  a simplified  equation, 

R„r  = AN  (3-8) 

where,  R„r  is  the  nonradiative  recombination  rate,  A is  the  nonradiative 
recombination  coefficient,  and  N is  the  carrier  density.  The  radiative 
recombination  rate  (spontaneous  emission  rate)  in  a quantum-well  is  given 
by  [54] 
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-£.)P,^(te)X(l-/,)  (3-9) 

hm  n\m/‘ 

where  e is  the  electron  charge,  8o  is  the  electric  permittivity,  n is  the 
refractive  index,  mo  is  the  free  electron  rest  mass,  |A/^|^  is  the  transition 
matrix  element,  pred  is  the  reduced  density  of  states,  = h(a  , Popt  is  the 
optical  density  mode,  fc  and  fy  are  the  fermi  distribution  function  of 
conduction  band  and  valence  band,  respectively.  This  radiative 
recombination  rate  can  be  simplified  as 


= C{E„ -E^)f,{\-f^)N^  (3-10) 

where  C represents  all  the  material  constants  combined  for  the  equation. 
Eeh  and  Eg  are  fixed  values  and  f (fy)  is  related  to  the  carrier  density  N. 
The  carrier  density  in  the  quantum-well  can  be  given  by  [55] 


= + (3-11) 

where  Efc  (Efy)  is  the  quasi-Fermi  level  of  the  conduction  (valence  band),  L 
is  the  thickness  of  the  quantum-well  layer,  Ed  is  the  quantized  electron 
level  in  the  conduction  band.,  and  (fy)  is  the  fermi  distribution  function 
for  the  conduction  (valence)  band.  They  are  expressed  by 


l + exp[(f:.,-£,,)/Ar,r] 

/ = ^ 

l + exp[(£,,-£^)/A:^r] 


(3-12) 


(3-13) 
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The  ZnCdSe  single  quantum-well  in  our  structures  has  only  one  quantized 
energy  level  in  the  conduction  and  valence  band.  For  a 50  angstrom  thick 
quantum  well,  the  quasi-Fermi  level  in  the  conduction  and  valence  band 
was  calculated  as  a function  of  carrier  density  and  is  plotted  in  Figure  3.11 
and  Figure  3.12. 

The  total  recombination  rate  at  a given  carrier  density  is  the  sum  of 
the  nonradiative  and  radiative  recombination  rates  and  it  is  expressed  as 

Rtot  = Rnr  + R»p 

= AN  + BN^fc(l-fv)  (3-14) 

assuming  that  all  the  electrons  ejected  into  the  quantum  well  recombine 
either  nonradiatively  or  radiatively  and  N=P  due  to  the  charge  neutrality. 
Therefore  the  injected  current  density  J can  be  related  to  the  radiative  and 
non-radiative  emission  rate  and  output  power  P as  follows 


= + (3-15) 

= oP 

This  simplified  equation  was  used  to  calculate  the  output  power  P as  a 
function  of  the  current  density  J by  varying  two  parameters,  A and  B. 
Figure  3.13  shows  the  calculated  output  power  as  a function  of  carrier 
density  when  Aa=0.2  , Ba=0.4  (before  degradation)  and  Ad=0.5  , Bd=0.12 
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(after  degradation).  This  figure  matches  well  with  the  experimental  results. 
The  non-radiative  recombination  coefficient  after  degradation  has 
increased  2.5  times  that  of  the  as-grown  value  (Ad/Aa  =2.5  ) and  the 
radiative  recombination  rate  has  decreased  3.3  times  (Ba/Bd  =3.3). 
Therefore  the  observed  decrease  in  the  external  efficiency  of  the  LED  after 
degradation  could  be  explained  by  an  increase  of  nonradiative 
recombination  centers  such  as  dark  line  defects  and  other  types  of 
degradation-induced  defects. 

3.3  I-V  Characteristics 

The  current  -voltage  curves  were  measured  before  and  after 
degradation  for  the  sample  structure  I and  the  results  are  shown  in  Figure 
3.14.  After  70%  degradation,  that  is,  the  output  intensity  has  been 
reduced  down  to  30%  of  the  initial  intensity,  the  the  forward  biased  slope 
of  the  I-V  characteristic  decreased.  One  reason  for  the  reduction  in  slope 
may  be  an  increase  in  the  space-charge  recombination  component  of  current 
[50].  Another  cause  may  be  the  deterioration  of  the  ohmic  contact  during 
degradation.  The  effective  barrier  height  at  the  metal/semiconductor 
interface  might  be  increased  by  degradation  . The  other  reason  might  be 
the  resistance  of  the  layers  has  increased  due  to  the  defects  generated  near 
the  active  region  [56]. 

The  diode  current  is  conventionally  given  by 

Id  =J,[exp(qVd/nkBT)-l]  (3-16) 
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where  Js  is  the  saturation  current  density  of  the  diode  and  the  factor  n 
equals  2 when  the  recombination  current  dominates.  The  saturation  current 
density,  Js,  depends  on  the  crystalline  quality  of  the  heterostructure  near 
the  active  layer.  If  we  assume  that  there  is  no  change  in  the  barrier  height 
in  the  metal/semiconductor  interface,  there  might  be  changes  in  the  crystal 
structure  such  as  point-defect  generation  and  accumulation  of  point 
defects.  So  that  the  value  of  Js  and  n in  the  above  equation  may  change 
after  degradation.  A plot  of  the  equation  (3-16)  for  different  values  of  Js 
and  n is  shown  in  Figure  3.15,  and  can  be  compared  with  the  experimental 
values.  This  comparison  shows  that  the  slope  change  in  I-V  curve  after 
degradation  may  be  due  to  changes  in  the  crystalline  structure  near  the 
quantum-well  active  region. 

3 4 Temperature  in  the  Active  Region  during  Operation 

The  temperature  of  the  copper  block,  on  which  the  LED  was 
mounted,  was  about  60  °C.  The  dimension  of  heat  sink  was  large  enough 
compared  to  the  heat  source  (300  pm  by  300  pm)  that  the  heat  might  easily 
be  dissipated  into  the  surroundings.  The  temperature  of  the  copper  block 
may  be  significantly  different  from  that  of  the  active  region  of  the  device. 
The  temperature  of  a III-V  laser  diode  were  estimated  by  Fukuda  et  al. 
[57]  and  it  was  around  150  °C  at  the  current  density  of  5 KA/cm^.  The 
energy  released  during  the  operation  of  blue  light-emitters  should  be  larger 
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because  of  the  large  band  gap  energy  of  ZnSe-based  II-VI  materials.  We 
can  suppose  that  the  temperature  of  the  active  region  would  be  higher.  A 
method  of  estimating  the  temperature  of  the  active  region  is  developed 
utilizing  the  fact  that  the  band-gap  energy  is  a function  of  temperature. 

As  the  current  injection  level  was  changed,  the  wavelength  of  the 
emitted  light  was  shifted.  Figure  3.16  and  3.17  show  that  the  emission 
wavelength  decreased  at  higher  current  levels.  Other  driving  conditions 
were  maintained  a constant  for  this  experiment.  Figure  3.18  shows  that 
when  the  duty  cycle  was  increased  while  the  other  conditions  (5  A/cm^ 
current  density,  10  KHz  repetition  rate)  were  fixed,  then  the  emission 
wavelength  decreased.  There  are  two  factors  which  affect  the  change  of 
bandgap  in  the  single  quantum-well,  the  free  carrier  (electron  and  hole) 
density  and  the  temperature.  The  quasi-fermi  level  in  the  conduction  band 
goes  up  as  the  electron  density  is  increased  in  a quantum  well.  On  the  other 
hand  the  quasi-fermi  level  in  the  valence  band  goes  down  as  the  hole 
density  is  increased.  These  changes  are  plotted  in  Figure  3.11  and  Figure 
3.12,  which  show  the  fermi  level  change  as  a function  of  free  carrier 
density.  The  increase  in  current  density,  therefore  broadens  the  band  gap  in 
the  single  quantum-well.  Hence  the  wavelength  would  be  smaller  as  the 
current  density  increases  if  only  the  free  carrier  density  is  considered. 
However,  the  emission  wavelength  has  be  decreased  as  the  current  density 
increases.  The  amount  of  bandgap  change  due  to  the  carrier  density  can  be 
ignored  compared  to  the  band  gap  change  due  to  the  temperature.  The 
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injected  current  heats  the  device  due  to  the  intrinsic  resistance  of  the 
whole  layers  or  due  to  heating  from  nonradiative  recombination  at  localized 
defect  sites.  The  temperature  of  the  lattice  in  the  active  quantum-well 
during  operation  at  a certain  current  density  could  be  important  to  the 
degradation  process. 

In  order  to  estimate  the  temperature  of  the  active  region,  the 
bandgap  change  at  different  temperatures  was  used.  First,  the  emission 
wavelength  was  measured  with  a very  small  pulse  width  (less  than  1%  duty 
cycle)  and  a very  low  current  density  (0.1  A/cm^),  while  the  device  was 
heated  externally  on  the  heating  stage.  So  that  the  driving  current  for 
measuring  the  wavelength  shift  has  as  little  effect  as  possible  on  the 
temperature  of  the  active  region  due  to  electron  scattering.  The  result  is 
shown  in  Figure  3.19  where  photon  emission  wavelength  decreases  as  the 
external  ambient  temperature  is  raised.  The  band-gap  energy  was  calculated 
from  the  peak  emission  wavelength. 

The  relationship  between  the  energy  band  gap  and  temperature  is 
usually  expressed  for  bulk  materials  by  [58] 

£,(7^  = £,(0)-^  (3-17) 

where  T is  the  temperature  (K),  a and  p are  the  material  constants.  This 
equation  is  applicated  in  the  low  temperature  regime  for  low  injection 
levels  as  in  photoluminescence.  If  we  assume  that  this  relationship  is  valid 
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at  higher  temperatures  at  higher  injection  levels,  then  this  equation  needs 
to  be  modified  for  the  single  quantum-well  case.  It  can  be  expressed  by 

£,-.(r) (3-18) 

where  Ee-h  is  the  energy  gap  between  the  electron  energy  level  and  heavy 
hole  level.  Figure  3.20  shows  the  experimental  data  of  the  relation  between 
the  energy  gap  and  the  external  temperature.  The  alpha  and  beta  values 
used  to  calculate  the  band  gap  energy  were  310  and  7.5e-4  [eV/"C] 
respectively  and  they  are  fitted  well  to  the  experimental  data.  The  actual 
temperature  of  the  lattice  in  the  quantum  well  region  can  therefore 
estimated  from  the  emission  wavelength  using  Figure  3.20.  By 
extrapolating  the  curve  to  higher  temperature  value,  the  actual  temperature 
of  the  active  region  was  estimated  to  be  about  250  °C  at  a current  density 
of  12.5  A/cm^  , 20%  duty  cycle  and  10  KHz  repetition  rate. 

This  temperature  during  the  device  operation  a LED  mode  is 
relatively  high  when  compared  to  similar  III-V  devices.  The  local 
temperature  at  a defect  site  might  be  much  higher  than  250  “C.  Kobayashi 
et  al.  [59]  measured  the  temperature  rise  of  the  dark  line  spot  area  during  a 
InGaAsP/InP  laser  operation.  The  current  density  was  about  7 KA/cm^.  The 
infrared  thermometer  was  used  and  the  temperature  of  the  dark  spot  defect 
area  was  much  higher  than  the  surrounding  area.  The  temperature 
difference  was  about  50  “C. 
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This  high  operating  temperature  in  the  active  region  can  be  explained 
by  many  reasons:  First,  the  electrical  contacts  to  the  device  have  barrier 
heights  at  the  top  and  bottom  electrodes.  The  turn-on  voltage  for  the  LED 
whose  size  was  1.5  mmx  2 mm  was  around  1.8  V.  Heating  can  take  place 
at  the  metal  (Au)  / semiconductor  interface  and  the  temperature  of  the 
active  region  can  be  raised  by  thermal  conduction.  Secondly  the  emitted 
light  can  be  absorbed  in  the  lattice.  The  energy  of  the  emitted  light  is  large 
and  the  temperature  rise  due  to  absorption  would  also  be  large.  Thirdly  the 
temperature  increase  is  believed  to  occur  through  nonradiative 

recombination  at  crystal  defect  sites.  The  process  of  nonradiative 
recombination  of  electron-hole  pairs  is  accompanied  by  energy  transfer  to 
the  lattice  of  the  order  of  the  energy  band  gap.  This  energy  transfer  takes 
place  in  the  form  of  phonons,  that  is,  lattice  vibration  which  in  turn 
increases  the  temperature.  Finally,  the  thermal  conductivity  of  II-VI 
materials  is  poor.  The  thermal  conductivity  of  GaAs  is  0.5  W/cm-“C  and 
that  of  Si  is  1.3  W/cm-°C  at  300  K.  On  the  other  hand  the  thermal 
conductivity  of  ZnSe  is  around  0.1  W/cm-°C.  Therefore  the  temperature 
can  be  significantly  higher  in  localized  regions. 

3.5  Summary 

Degradation  studies  of  Il-VI  ZnSe  based  LEDs  show  similar  behavior 
to  III-V  devices,  i.e.,  the  output  power  decreases  exponentially  as  a 
function  of  degradation  time.  However,  H-VI  LEDs  appear  to  be  much 
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more  sensitive  to  the  current  density.  If  the  current  density  necessary  for 
lasing  (0.5-1  KA/cm^)  is  applied  to  LEDs,  the  LEDs  degrade  in  a period  of 
time  similar  to  that  of  lasers,  implying  the  degradation  of  both  LED  and 
lasers  is  similar. 

The  external  efficiency  decreases  significantly  after  50%  degradation 
in  electroluminescence.  This  indicates  that  the  nonradiative  recombination 
rate  increases  and  the  radiative  recombination  rate  decreases.  This  may  be 
as  the  result  of  the  generation  of  nonradiative  recombination  sites  in  the 
quantum  well.  The  major  nonradiative  recombination  sites  are  dark  spot 
defects  and  dark  line  defects  which  can  be  observed  in  EL  microscopy  at 
50%  degraded  LEDs.  However,  these  sites  are  not  visible  in  the  TEM. 
The  I-V  characteristic  of  the  degraded  devices  also  implies  that  the 
crystalline  quality  near  the  quantum  well  may  be  damaged. 

A method  of  estimating  the  temperature  of  the  active  quantum-well 
during  LED  operation  has  been  established  using  the  band  gap  dependence 
on  temperature.  It  was  estimated  that  during  LED  operation  the  quantum- 
well  may  rise  to  temperatures  as  high  as  250  “C.  This  is  significantly 
greater  than  temperatures  of  quantum-well  in  III-V  lasers,  which  typically 


do  not  exceed  150  °C. 
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Figure  3.1.  Wavelength  of  emitted  lights  form  ternary-based  SCH  (top), 
simplified  ternary-based  heterostructure  (middle)  and  quaternary-based  SCH 
(bottom) 
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Figure  3.2.  General  degradation  trend  showing  that  the  output  power  decays 
exponentially  as  function  of  time  for  ternary-based  SCH 
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Figure  3.3.  Output  intensity  decrease  as  a function  of  time  during  operation  of  a LED 
fabricated  from  the  ternary-based  SCH. 
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Figure  3.4.  Output  power  dependence  on  the  current  density.  LEDs  were  fabricated 
from  the  ternary-based  SCH. 
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Figure  3.5.  Output  power  dependence  on  the  current  density.  LEDs  were  fabricated 
from  the  simplified  ternary-based  heterostructure. 
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Figure  3.6.  Current  density  projection  to  the  level  of  threshold  current  density  of  lasers 
for  30%  degradation  for  the  simplified  ternary-based  heterostructure 
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Figure  3.7.  Degradation  dependence  on  the  pre-existing  defect  density 
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Figure  3.8.  Comparison  of  the  time  for  70%  degradation  at  different  defect  densities 
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Figure  3.9.  Light  output  power-current  density  relation  (Efficiency)  measurements 
before  and  after  50%  degradation  for  quaternary-based  SCH 
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Figure  3.10. 


Typical  relation  between  current  and  light  output  power  for  lasers 
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Figure  3.11.  Quasi-fermi  level  as  a function  of  electron  density  in  the  conduction  of  the 
ZnCdSe  quantum-well 
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Figure  3.12.  Qusi-ferrm  level  as  a function  of  hole  density  in  the  valence  band  of  the 
ZnCdSe  quantum-well 
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Figure  3.13.  Calculation  of  Light  output  power  vs  carrier  density  using  the  analytical 
equation  (3-15)  being  Aa=  0.2,  Ba=0.4  for  the  as-grown  device  and  Ad=0.5,  Bd=0. 12 
for  the  50%-degraded  quaternary-based  SCH 
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Figure  3.14.  Current-  voltage  characteristics  of  as-grown  LEDs  and  80%-degraded 
LEDs  fabricated  from  ternary-based  SCH 
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Figure  3.15.  Calculation  ofl-V  characteristics  for  different  values  of  Js  according  to 
equation  (3-16) 
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Figure  3.16.  Wavelength  change  of  the  output  light  at  different  current  densities  (at 
40%  duty  cycle  and  10  KHz  repetition  rate)  for  quaternary-based  SCH 
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Figure  3.17.  W avelength  change  of  the  output  light  at  different  current  densities 

(at  10%  duty  cycle  and  10  KHz  repetition  rate ) for  quaternary-based  SCH 
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Figure  3.18.  Wavelength  change  at  various  duty  cycle  at  the  other  driving 
conditions  constant  for  the  quaternary-based  SCH 
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Figure  3.  19.  Wavelength  at  various  ambient  temperatures  of  the  device  (above)  and 
peak  energy  of  the  emitted  light  at  those  ambient  temperatures(below).  LEDs  were 
fabricated  from  the  quaternary-based  SCH. 
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Figure  3.20.  Relationship  of  temperature  and  band-gap  (calculated  using  the  equation 
(3-18)) 
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CHAPTER  4 

INTERDIFFUSION  AND  STRAIN  RELAXATION  IN  THE 
QUANTUM-WELL 

The  temperature  of  the  active  region  of  LEDs  during  operation  was 
estimated  to  be  about  250  °C  in  the  previous  chapter.  The  temperature  of 
the  active  area  for  II- VI  LEDs  is  typically  much  higher  than  that  of  III-V 
devices.  This  high  temperature  may  play  an  important  role  in  the  rapid 
degradation  of  in  H-VI  light  emitting  devices.  Parbrook  et  al.  [60] 
investigated  interdiffusion  in  ZnS/ZnSe,  ZnSe/CdSe  and  ZnS/CdS 
superlattices  by  annealing  in  purified  hydrogen  flow.  They  showed  that  the 
interdiffusion  of  anions  is  not  found  to  be  significant  at  temperatures  below 
550  “C.  On  the  other  hand,  Zn  and  Cd  interdiffusion  was  observed  at 
temperatures  as  low  as  400  “C.  This  suggests  that  such  interdiffusion  may 
lead  to  disordered  or  graded  interfaces  at  temperatures  of  about  400  °C. 

Although  the  temperature  of  the  over  all  area  is  around  250  °C 
during  LED  operation,  temperatures  may  be  higher  locally  at  the  vicinity  of 
defect  sites.  Since  it  is  believed  that  nonradiative  recombination  at  crystal 
defects  can  occur  which  in  turn  transfers  thermal  energy  to  the  surrounding 
lattice  in  the  form  of  phonons  [61],  The  amount  of  energy  transferred  is  of 
the  order  of  the  energy  band  gap.  If  this  phonon  energy  is  accumulated  in 
the  vicinity  of  the  defect,  the  temperature  may  increase  locally  at  the  defect 
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site.  This  heating  by  nonradiative  recombination  via  defects  would  induce 
defect  reactions,  such  as  defect  annealing,  defect  diffusion  and  clustering, 
and  new  defect  generation.  Defects  with  near  mid-gap  levels  are  liable  to 
have  a particularly  strong  electron-lattice  interaction  and  the  recombination 
enhanced  defect  migration  for  such  centers  has  been  observed  in  Si,  GaAs 
and  GaP  [62]  [63] [64]. 

The  band-gap  of  materials  used  in  the  present  study  is  around  2.5 
eV  which  is  of  the  order  of  the  activation  energy  for  metal  self  diffusion  in 
II-VI  compounds  [65].  Thus  the  nonradiative  recombination  induced 
reaction  can  take  place  more  easily  in  II-VI  compounds.  Possible  reactions 
in  the  active  region  during  LED  operation  were  investigated  in  this 
chapter,  that  is,  atomic  interdiffusion  at  the  interfaces  of  the  quantum-well 
and  the  strain  change  in  the  quantum-well.  In  order  to  understand  the  strain 
state  of  the  quantum  well  during  operation,  it  is  necessary  to  understand 
the  thermal  expansion  behavior  of  epilayers  at  the  normal  operation 
temperature. 


4.1  Thermal  Expansion  Behavior  of  the  Epilavers 

The  thermal  expansion  of  ZnSe  has  been  known  to  be  higher  than 
that  of  GaAs  [66][67].  Figure  4.1  shows  the  difference  in  the  coefficient  of 
thermal  expansion  (CTE)  between  GaAs  and  ZnSe  as  a function  of 
temperature  with  the  CTE  increasing  with  increasing  temperature.  The 
difference  in  thermal  expansion  coefficients  existing  in  the  heterojunction 
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causes  the  lattice  to  be  strained.  If  the  coherency  of  the  heterojunction  is 
maintained  at  the  operating  temperature,  then  the  quantum  well  would  be 
under  more  strained  at  the  higher  operating  temperature  than  the  original 
strain  state  (at  room  temperature).  The  thermal  expansion  is  a material 
characteristic  and  can  not  be  controlled.  The  effect  of  the  thermal 
expansion  in  the  strain  state  was  investigated  by  measuring  the  lattice 
parameter  of  the  epilayer  at  higher  temperatures  using  HRXRD  rocking 
curves.  Because  of  the  small  dimension  of  the  single  quantum  well  in  the 

real  LED  structure,  it  is  very  difficult  to  isolate  diffracted  x-ray  signal 
0 

from  the  50  A thick  quantum  well.  A single  layer  structure  of  ZnSSe  on 
GaAs  was  therefore  used  for  this  measurement. 

p-type  and  n-type  ZnSo.6Seo.94  layers  were  grown  on  the  GaAs 
substrate  by  molecular  beam  epitaxy.  The  single  epilayers  were  grown  at 
around  275  °C  and  doped  with  nitrogen  and  chlorine  respectively.  The 
thickness  of  both  these  epilayers  was  1.5  pm.  The  content  of  sulfur  was 
measured  using  electron  microprobe  analysis.  An  average  of  five 
measurements  across  the  surface  of  the  specimen  were  made  to  evaluate  the 
sulfur  content.  Using  ZnSe  and  ZnS  standards  the  sulfur  content  was 
determined  to  be  6.0  atomic  %.  At  this  composition  the  epilayer  is  either 
theoretically  lattice  matched  to  the  GaAs  or  the  mismatch  is  accommodated 
by  tetragonal  distortion.  The  net  acceptor  concentration  in  the  p-type 
ZnSo.oeSeo.94  layer  was  around  lO”  /cm^  and  the  free  carrier  concentration 
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in  n-type  ZnSo.06Seo.94  was  about  10^*  /cm^,  which  are  comparable  to  those 
used  in  actual  devices. 

In  order  to  measure  the  lattice  parameter  of  the  epilayer  at  high 
temperatures,  a sample  heating  stage  was  designed  and  installed  on  the 
high  resolution  x-ray  diffractometer.  A schematic  of  the  sample  heater  is 
shown  in  Figure  4.2.  The  sample  temperature  was  controlled  and  monitored 
by  an  Omega  CN7600  temperature  controller  during  x-ray  analysis.  The 
temperature  of  the  sample  was  raised  up  to  250  “C,  which  is  about  the 
temperature  of  the  active  region  of  the  device.  The  fluctuation  of  sample 
temperatures  was  less  than  ±3  °C. 

4.1.1  Measurement  and  Calculation  Procedure 

Since  the  epilayer  unit  cell  is  tetragonally  distorted,  the  lattice 
parameter  of  the  layer  parallel  and  perpendicular  to  the  interface  needs  to 
be  measured.  The  procedures  used  were  as  follows; 

(1)  The  lattice  parameter  of  the  GaAs  substrate  (a.ub)  was  determined  at 
different  temperatures  from  20  °C  to  250  °C  using  Bond’s  method  [68]. 
Only  the  (004)  symmetric  reflection  was  used  because  the  GaAs  substrate 
is  considered  as  bulk  and  the  shape  of  unit  cell  would  remain  cubic  at 
different  temperatures.  Every  reflection  is  taken  twice,  once  directly  (cOd) 
and  once  with  incident  and  reflected  beams  reversed  (©,)•  Then  the  Bragg 
angle  can  be  calculated  by 


0g  = 90° 


+ d) 


2 


(4-1) 


84 


where  0b  is  the  Bragg  angle,  (|)  is  the  angle  between  the  surface  and 
reflection  plane((|)  =0  for  (004)  plane)  and  cOd,  co,  are  the  peak  positions. 
From  the  Bragg  angle  the  spacing,  d,  between  (004)  planes  is  simply 
obtained  by 


where  X is  the  wavelength  of  the  incident  radiation. 

(2)  The  relative  lattice  mismatch  in  both  parallel  and  perpendicular 
directions  were  determined  using  an  asymmetric  reflection  and  assuming 
tetragonal  distortion  of  the  epilayer  [69][70].  As  shown  in  Figure  4.3,  the 
Bragg  condition  for  an  asymmetric  plane  making  an  angle  (f)  with  the 
crystal  surface  is  satisfied  at  two  different  co  angles,  ©1=  0 - (j)  and  ©2  = 
0 + (}).  Before  obtaining  asymmetric  rocking  curves.  An  optimization 
procedure  was  performed  which  is  described  in  the  manual  [71]  to 
accommodate  for  miscut  of  the  substrate  and  mistilt  of  the  epilayer.  From 
x-ray  rocking  curve  scans,  the  values  of  ©1  and  ©2  were  determined  for 
both  epilayer  and  substrate  and  subsequently  the  values  of  0 and  <j>  for  both 
epilayer  and  substrate  were  obtained.  The  mismatches  were  then 
determined  as  follows; 

Parallel  lattice  mismatch: 


nX  =2dsin0B 


(4-2) 


(4-3) 


Perpendicular  lattice  mismatch  : 
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(4-4) 


where  A0  = 0.^  - 0„,  , A^  = (1),^,  - . 

(3)  The  lattice  constant  of  the  deformed  unit  cell  of  the  epilayer 

( ^*pi(i)  determined  from  the  substrate  lattice  parameter 

obtained  from  (1)  and  the  mismatch  determined  from  procedure  (2). 

(4)  The  values  of  the  relaxed  lattice  constant  (ao)  of  the  epilayers  were 
calculated  by  [72]  [73] 


The  elastic  constants  for  ZnSe  are  that  Cn=8.5xl0‘®  N/m^  and  Ci2=5.0xl0^® 
N/ml  For  ZnS  cn=10.4x  10^®  N/m^  and  Ci2=6.4xl0^®  N/m^  [74][75],  The 
elastic  constants  of  ZnSSe  was  obtained  by  interpolation  assuming  there  is 
a linear  relationship. 

4.1.2  Result  and  Discussion 

The  lattice  mismatches  and  the  relaxed  lattice  constant  evaluated  at 
different  temperatures  are  shown  in  Table  4.1.  For  ZnSo.oeSeo.94  /GaAs 
lattice-mismatched  epilayer,  the  lattice-mismatch  in  the  perpendicular 
direction  increases  as  the  temperature  is  raised.  On  the  other  hand,  the 
lattice-mismatch  parallel  to  the  surface  is  not  as  significantly  temperature 
dependent.  The  x-ray  rocking  curves  were  presented  in  Figure  4.4  and 
Figure  4.5  show  that  the  ZnSSe  layer  appears  to  be  closely  lattice-matched 
at  room  temperature,  however,  a lattice-mismatch  is  clearly  observed  at 


a. 


(4-5) 


o 


1 + 2(c,2  /c„) 
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250  °C  (since  the  separation  between  peaks  increases)  in  both  (004) 
symmetric  reflection  and  (115)  asymmetric  reflection.  As  the  temperature  is 
increased  the  parallel  mismatch  remains  the  same  which  means  that  the 
coherency  at  the  interface  is  maintained  at  250  °C.  The  lattice  matched 
structure  of  ZnSSe/GaAs  can  therefore  remain  lattice  matched  up  to  250 
°C.  The  increased  lattice  mismatch  as  observed  in  the  various  rocking 
curves  is  mostly  accommodated  in  the  perpendicular  direction  to  the 
interface.  It  is  to  be  noted  that  if  the  lattice  constants  are  well  matched  at 
the  growth  temperature  by  changing  the  epilayer  composition,  the  lattice 
constants  will  be  significantly  mismatched  at  room  temperature  and  the 
epilayer  lattice  will  be  distorted  and  thus  additional  strain  can  be 
introduced  solely  due  to  the  difference  in  thermal  expansion. 

In  the  structures  used  in  this  study,  a ZnSo.06Seo.94  layer  employed  as 
the  barrier  layer.  However,  thermal  expansion  of  the  entire  II-VI  epilayer 
structure  would  take  place  in  the  fashion  described  above,  that  is,  we  can 
assume  that  the  II-VI  ZnSe-based  epilayers  on  the  GaAs  substrate  expand 
almost  entirely  in  the  perpendicular  direction.  The  coherency  at  the 
heterojunctions  also  be  sustained  in  our  structures  at  the  operation 
temperature  of  250  °C.  At  this  normal  operating  temperature  the  amount 
of  strain  in  the  ZnCdSe  quantum-well  would  be  increased  by  about  15%, 
assuming  the  thermal  expansion  of  ZnCdSe  is  about  the  same  as  that  of 
ZnSSe.  The  strain  in  the  quantum-well  for  the  as-grown  structure  at  the 
room  temperature  is  1.3%.  Therefore,  the  strain  in  the  quantum-well  during 
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operation  would  be  about  1.5%.  Therefore  two  factors,  that  is,  high 
operating  temperature  and  increased  strain  introduced  during  operation 
should  be  considered  in  the  degradation  mechanism. 


Table  4.1.  Lattice  mismatch  at  higher  temperatures 


Sample  temperature 

room  temp. 

100  °C 

250  °C 

Lattice  mismatch(ppm) 
parallel  direction 

10 

10 

10 

perpendicular  direction 

150 

600 

1400 

Relaxed  lattice  constant 
0 

(A) 

ZnSSe 

GaAs 

5.6534 

5.6567 

5.6645 

5.6533 

5.6556 

5.6612. 

4,2  Atomic  Interdiffusion  During  Operation 

In  order  to  investigate  possible  atomic  interdiffusion  near  the 
quantum  well,  LEDs  were  degraded  down  to  50%  of  the  initial  output 
intensity.  Low  temperature  PL  measurements  and  SIMS  depth  profiling 
were  performed  on  the  as-grown  and  degraded  structures  LEDs  were 
fabricated  from  the  simplified  ternary-based  heterostructure  (structure  II) 
and  quaternary-based  SCH  (structure  III).  No  changes  were  observed  in  the 
PL  peak  position  of  the  ZnCdSe  quantum-well  as  shown  in  Figure  4.6  and 
Figure  4.7  after  50%  degradation.  If  there  was  any  interdiffusion  at  the 
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interface  between  ZnCdSe  and  ZnSSe,  a ZnCdSSe  quaternary  layer  would 
have  formed.  The  PL  peak  from  the  quantum-well  depends  on  the  band-gap 
and  hence  the  composition.  Thus  changes  in  the  shape  and  position  of  the 
quantum  well  peak  would  be  expected  for  any  change  in  composition.  A 
theoretical  calculation  of  the  band-gap  energy  for  the  quaternary  Zni. 
xCdxSySei.y  compound  is  shown  in  Figure  4.8.  If  a graded  layer  of  the 
quaternary  compound  had  formed  at  the  interface,  the  PL  peak  would  be 
shifted  or  broadened  to  the  higher  energies.  No  such  change  was  observed 
suggesting  very  little  interdiffusion. 

A comparison  of  the  full  width  at  half  maximum  (FWHM)  between 
the  as-grown  and  degraded  structure  shows  no  broadening  of  the  quantum- 
well  peak  after  50%  degradation.  Low  temperature  PL  spectra  of  the 
quantum-well  is  usually  influenced  by  the  interface  abruptness, 
compositional  variation  and  disordered  and/or  graded  heterointerfaces  [76]. 
These  inhomogeneous  contributions  to  the  linewidth  can  be  monitored  by 
low  temperature  PL  because  the  quantum  well  luminescence  is  dominated 
by  excitonic  transitions.  At  low  temperature  purely  excitonic  transitions 
are  believed  very  narrow  and  ideal  for  monitoring  small  inhomogeneous 
characteristics  of  the  structure.  The  FWMH  line  width  from  the  ZnCdSe 
quantum  well  is  the  same  for  both  as-grown  and  50%-degraded  LEDs.  This 
indicates  that  the  compositional  fluctuations  and  the  interface  abruptness 
were  maintained  even  after  50%  degradation. 
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SIMS  depth  profiling  was  performed  on  as-grown  and  degraded 
samples.  The  samples  were  degraded  down  to  50%  and  30%  of  the  initial 
output  intensity.  No  significant  change  in  the  Cd  composition  profile  was 
observed  at  the  ZnCdSe  quantum-well  as  shown  in  Figure  4.9. 

4,3  Relaxation  of  Strain  in  the  Quantum-Well 

The  ZnCdSe  quantum-well  is  only  layer  in  the  ternary  and  quaternary 
based  SCH  that  is  strained  and  tetragonally  distorted.  The  quantum  well 
layer  is  under  the  biaxial  compression.  The  strain  in  the  quantum-well 
could  be  relaxed  during  degradation.  Strain  in  the  epilayer  is  usually 
relaxed  by  generation  of  misfit  dislocations  at  the  interface.  In  order  to  see 
if  there  is  a relaxation  of  strain  in  the  quantum-well,  a series  of  low 
temperature  photoluminescence  measurements  were  performed  on  both  as- 
grown  and  degraded  structures.  When  the  biaxial  compressive  strain  in  the 
quantum  well  is  relaxed,  the  band-gap  energy  of  the  quantum-well  should 
change.  Figure  4.10  shows  how  changes  in  the  conduction  and  valence- 
band  edges  under  a biaxial  compression  can  in  turn  shift  the  wave  length 
of  the  low  temperature  PL  peaks.  The  theoretical  calculation  of  changes  in 
the  electron  hole  transition  energy  due  to  the  strain  relaxation  will  be 
shown  in  the  following  section. 

4.3.1  Strain  Dependence  of  the  Band  Gap 

The  conduction  band  offset  (AEc)  and  valence  band  offset(AEv)  in 
the  quantum-well  change  when  the  layer  is  strained.  This  change  arises 
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from  the  difference  in  the  energy  gap  between  the  strained  and  unstrained 
quantum-well.  Therefore,  the  amount  of  strain  relaxation  during  operation 
can  be  detected  by  measuring  PL  peak  shifts  at  a low  temperature. 

There  are  two  theories  that  are  commonly  used  to  estimate  the  band 
offsets  of  heterostructures.  One  is  the  linear  combination  atomic  orbital 
(LACAO)  theory  and  the  other  is  the  electron  affinity  rule. 

According  to  the  LACAO  theory,  the  valence  band  edge  is  given  by  [77] 

e,={e:+e:)I2+[{e:-e:)I22y  +v^r  (4-6) 

where  = 5.60h^  I (m^d^)  and  is  the  Hamiltonian  Matrix  of  the  s orbital  of 
the  nearest  neighbor  atoms,  h is  the  reduced  Planck  constant,  me  is  the 
electron  mass  and  d is  the  distance  between  an  anion  and  a cation. 
E"  ,andE°  are  the  energies  of  the  s orbital  of  cation  and  anion  respectively. 

The  conduction  band  edge  can  be  calculated  by  adding  the  band  gap 
to  the  valence  band  edge,  where  the  band  gap  was  given  by  the  well  known 
expression  using  bowing  parameters,  which  for  a ternary  compound 
AxBi-xC  is  given  by 

Eg  = xEac  + (I-x)Ebc  - bbowx(l-x)  (4-7) 

where  Eac  and  Ebc  are  the  band  gaps  of  AC  and  BC,  respectively,  and  bbow 
is  the  bowing  parameter. 

However,  some  parameters  are  not  available  yet  for  II-VI 
compounds.  The  conduction  and  valence  band  edges  can  be  estimated  using 
the  electron  affinity  rule.  The  vacuum  level  used  as  a reference  and 
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relative  positions  of  the  conduction  band  edge  was  determined  for  ZnSSe 
and  ZnCdSe.  The  electron  affinity  of  each  material  is  the  energy  to  remove 
an  electron  from  the  conduction-band  minimum  to  vacuum  level.  The 
electron  affinity  for  these  compounds  was  estimated  from  the  binary 
materials  (ZnS,  ZnSe,  CdSe)  assuming  a linear  relationship  as  a function  of 
composition.  Then  the  valence  band  offset  was  derived  by  subtracting  the 
energy  band  gap  from  the  conduction  band  edge  for  each  compound. 

The  above  mentioned  estimations  were  for  band  lineups  in  bulk 
materials.  In  the  strained  heterostructure,  the  constituent  layers  are  under 
stress  which  considerably  influences  the  band  lineups.  Since  the  ZnCdSe 
quantum  well  is  under  biaxial  compression  these  strain  effects  should  be 
taken  into  account  in  determining  the  band  diagram.  The  amount  of  strain 
is  defined  as 

e = ~ (4-8) 

^wtll 

where  a is  the  lattice  constant  of  the  material  used.  For  (001)  oriented 
epilayers  and  substrate,  where  both  have  a zincblend  structure,  the  strain 
tensors  Cij  are  given  by  [78] 

Exx  ~ Eyy 

Ezz  ~ '(2Ci2/Cii)  8 

^xy  Eyz  Ezx  “ 


(4-9) 
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where  C12  and  Cn  are  the  elastic  constants.  The  strain  tensors  indicated 
above  can  be  divided  into  uniaxial  and  hydrostatic  components.  For  a 
compound  with  a zincblend  structure,  the  hydrostatic  component  shifts  the 
center  of  gravity  of  the  conduction  and  valence  band  edges.  The  energy 
shifts  due  to  the  hydrostatic  strain  are  expressed  as  [79] 


AEc=ac(An/Q)  for  conduction  band 

AEv  = av(AQ/Q)  for  valence  band  (4-10) 

where  ac  and  ay  are  the  hydrostatic  deformation  potentials  for  the 
conduction  and  valence  band  edges,  respectively.  ACl/Cl  corresponds  to  the 
volume  change  under  hydrostatic  pressure  and  is  given  by 


ACi/fi  — 8xx  + 6yy  + Ezz 2(C  i i-C  12)/C  1 1 (4-11) 

The  uniaxial  component  of  the  strain  splits  the  degeneracy  of  the  valence 
band  at  the  F peak.  The  valence  band  edge  splits  into  heavy  hole  and  light 
hole  edges  and  the  energy  shifts  of  heavy  and  light  hole  states  are 
expressed  by  [80][81] 


AEhh  — — SEooi 

2 


AEih  — — SEooi  - — (SEooi  )2/Ao 
2 2 


(4-12) 


where  5Eooi  — 2b(8zz  - Sxx),  Ao  denotes  the  spin-orbit  splitting  energy  and 
b is  the  uniaxial  shear  deformation  potential.  Table  4.2  shows  those  values 
used  in  this  calculation. 
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Table  4.2.  Physical  parameters  used  in  the  estimation  of  band  lineups 
[82] 


Parameters 

ZnSe 

ZnS 

CdSe 

Lattice  constant  (angstrom) 

5.6681 

5.4093 

6.050 

Energy  gap  at  RT  (eV) 

2.70 

3.73 

1.69 

Valence  edge  (eV) 

-10.58 

-11.40 

-10.35 

Electron  affinity  (eV) 

4.090 

3.810 

4.950 

Elastic  constant 
(10^^  dyne/cm^) 

Cii 

8.10 

10.46 

Cl2 

4.88 

6.53 

Deformation  potential  (eV) 

ac 

-4.17 

-4.09 

av 

1.65 

2.31 

b 

-1.20 

-1.25 

The  diagram  of  band  line  ups  for  the  unstained  quantum-well  and 
strained  quantum-well  is  shown  in  Figure  4.11.  Based  on  these 
calculations,  if  the  preexisting  strain  in  the  ZnCdSe  quantum-well  is  fully 
relaxed  during  LED  operation,  there  would  be  about  a 30  meV  difference  in 
the  electron-hole  transition  energy  which  would  be  correspond  to  a shift  in 
emission  length. 

4.3.2  Low  Temperature  PL  Measurement 

Low  temperature  PL  measurements  were  performed  on  the  ternary- 
based  heterostructure  (structure  II)  and  quaternary-based  SCH  (structure 
III)  before  and  after  degradation.  The  LEDs  were  degraded  down  to  50% 
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of  the  initial  output  intensity.  As  shown  in  Figure  4.6  and  Figure  4.7,  the 
PL  peaks  from  the  quantum-well  remain  in  the  same  position.  The  strain  in 
the  quantum-well  did  not  relax  during  degradation.  However,  dark  line 
defects  were  observable  in  the  50%-degraded  LEDs  from  both  the  ternary- 
based  heterostructure  and  the  quaternary-based  SCH  in 

electroluminescence  microscopy.  This  result  indicates  that  the  DLD 
formation  does  not  result  in  a measurable  strain  relaxation  in  the  quantum 
well.  This  is  consistent  with  the  fact  that  no  extended  defects  were 
observable  in  the  TEM. 

Another  LED  was  fabricated  from  the  quaternary-based  SCH. 
degraded  down  to  20%  of  the  initial  output  intensity  (80%  degradation). 
Low  temperature  PL  spectra  were  obtained  before  and  after  degradation. 
Although  the  strain  in  the  quantum  well  remains  for  the  50%-degraded 
LEDs,  the  strain  is  relaxed  in  the  80%-degraded  LEDs.  Figure  4.12  shows 
that  the  PL  spectra  at  22  K for  the  as-grown  structure  and  the  80%- 
degraded  LED.  Since  the  ZnCdSSe  quaternary  has  a larger  band-gap  energy 
than  that  of  ZnCdSe,  atomic  interdiffusion  would  cause  decrease  in  the 
peak  wavelength.  However,  the  ZnCdSe  quantum-well  peak  is  shifted 
toward  a larger  wavelength  indicating  that  the  strain  in  the  quantum-well 
has  been  relaxed.  The  peak  energy  change  is  about  10  meV  between  the 
as-grown  and  80%-degraded  LEDs,  which  translates  as  about  33% 
relaxation  of  strain.  This  strain  relaxation  does  not  take  place  in  the  early 
stage  of  degradation  but  in  the  later  stage.  In  the  heavily  degraded  LEDs 
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we  may  expect  to  see  some  extended  defects  as  a result  of  structural 
deformation  related  to  the  strain  relaxation.  TEM  analysis  showed  that 
some  dislocations  and  other  degradation  induced  extended  defects  were 
observed  in  the  80%  degraded  LEDs.  The  more  details  of  structural 
changes  will  be  discussed  in  the  chapter  5. 

4.4  Summary 

The  thermal  expansion  difference  in  ZnSe  based  compound  and  GaAs 
makes  the  epilayer  structure  more  strained  at  the  LED  operating 
temperature.  The  thermal  expansion  is  almost  entirely  accommodated  in  the 
perpendicular  direction  in  the  lattice-matched  ZnSSe/GaAs  system.  This 
makes  the  quantum-well  more  biaxially  compressed  and  the  amount  of 
strain  can  be  increased  by  15%. 

The  atomic  interdiffusion  at  the  interface  between  the  ZnCdSe 
quantum  well  and  ZnSSe  barrier  layer  was  not  able  to  be  observed  during 
LED  operation.  The  low  temperature  PL  spectra  showed  that  neither  the 
position  nor  the  FWHM  of  PL  peak  from  the  quantum  well  changes  after 
50%  degradation.  The  SIMS  depth  profile  of  the  degraded  LEDs  indicates 
that  any  changes  in  composition  did  not  occur  near  the  quantum  well  and 
the  abruptness  of  the  interface  between  the  quantum  well  and  barrier  layer 
appears  to  remain  the  same  during  the  degradation  process. 

The  strain  in  the  quantum  well  was  observed  to  remain  a constant  in 
the  50%-degraded  LEDs,  however,  one  third  of  the  strain  was  relaxed  in 
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the  80%-degraded  LEDs.  This  indicates  that  the  native  strain  in  the  active 
layer  does  not  appear  to  be  a direct  cause  of  the  early  stages  of 
degradation. 

These  results  suggest  that  degradation  takes  place  by  2 major 
mechanisms.  In  the  early  stages  of  degradation,  point  defects  are  generated 
and  do  not  form  extended  defects  and  the  strain  in  the  active  layer  remains. 
However,  DSDs  and  DLDs  are  formed.  In  the  later  stages  of  degradation, 
the  strain  in  the  quantum-well  relaxes  and  extended  defects  form. 
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Figure  4.1.  Difference  in  thermal  expansion  coefficient  between  GaAs  and 
ZnSe  at  various  temperatures  [66][67] 
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Figure  4.2.  A schematic  of  the  sample  heater  attached  to  the  cradle  of  the  HRXRD 


Figure  4.3.  Geometry  for  the  asymmetric  reflection  from  (115)  plane 
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Figure  4.4.  Symmetric  reflections  from  the  (004)  plane  at  the  room  temperature 
(above)  and  at  250  °C  (below) 
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Figure  4.5.  Asymmetric  reflection  from  the  (115)  plane  at  the  room  temperature 
(above)  and  at  250  °C  (below) 
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Figure  4.6.  Comparison  of  Low  temperature  PL  spectra  between  as-grown  and 
50%-degraded  LEDs  for  the  simplified  ternary-based  heterostructure 
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Figure  4.7.  Comparison  of  Low  temperature  PL  spectra  between  as-grown  and 
50%-degraded  LEDs  for  quaternary-based  SCH. 
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Figure  4.8. 


Calculated  band-gap  energy  (eV)  for  Zni.xCdxSySei.y  quaternary 
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Figure  4.9.  SIMS  profile  of  Cd  in  the  as-  grown,  50%-degraded  and  70%-degraded 
LEDs.  No  Cd  outdifflision  was  observed. 
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(a)  unstrained 


(b)  under  biaxial 
compression 


Figure  4. 10.  Schematic  representation  of  the  conduction  and  valence-band  edge  changes 
in  the  quantum-well  under  a biaxial  compression 
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Figure  4.11.  Calculated  band  lineups  for  unstrained  ZnCdSe  quantum- well  (a),  and 
strained  ZnCdSe  quantum  well  (b).  The  unit  of  all  the  numeric  values  is  eV. 
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Figure  4.12.  Photoluminescence  spectra  at  22K  before  degradation  and  after  80% 
degradation  of  quaternary-based  SCH  ( structure  III) 


CHAPTER  5 

DEGRADATION  INDUCED  DEFECTS 

During  the  electrical  degradation  of  II- VI  ZnSe-based  light  emitters, 
dark  line  defects  (DLDs)  were  observed  and  were  considered  as  the  major 
cause  of  degradation.  In  the  case  of  [001]  grown  materials  these  DLDs  lie 
along  the  <100>  directions.  These  DLDs  are  believed  to  be  evolving  at  or 
near  the  active  region.  As  a result  of  such  defects,  the  light  emission 
decreases  because  DLDs  act  as  nonradiative  recombination  centers.  In 
lasers  these  defects  are  generated  very  rapidly  reducing  the  device  life 
time.  In  order  to  understand  this  rapid  degradation  phenomenon  one  needs 
to  further  understand  the  nature  of  these  defects. 

In  order  to  characterize  the  DLDs,  electroluminescence  (EL) 
microscopy  and  TEM  were  used.  LEDs  were  degraded  under  the 
electroluminescence  microscope  to  observe  the  development  of  dark 
defects.  The  experimental  set  up  used  has  been  described  in  the  chapter  2. 
After  degradation,  cross-sectional  and  plan-view  TEM  analyses  were 
performed  on  these  samples.  Also,  pre-existing  defects,  that  is,  growth 
related  defects  which  already  exist  in  the  structure,  are  believed  to  act 
sources  for  degradation-induced  defects.  However,  the  relation  between 
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the  pre-existing  defects  and  degradation-induced  defects  has  been 
ambiguous.  There  has  not  been  any  direct  observation  of  <100>  dark  line 
defects  associated  with  grown-in  defects.  Even  though  crystal  growers 
have  focused  on  reducing  structural  defects  with  promising  results,  the  pre- 
existing defect  density  still  remains  high  ( > lOVcm^).  The  nature  and 
characteristics  of  grown-in  defects  need  to  be  studied  prior  to  the  studying 
degradation  induced  defects. 


5,1  Pre-existing  Defects 

The  extended  defects  which  exist  in  the  as-grown  structure  were 
characterized  using  TEM.  In  the  ternary-based  SCH  (structure  I)  many 
stacking  faults  were  observed  in  the  structure.  One  of  the  reasons  for  the 
presence  of  such  defects  is  the  lattice  mismatch  between  various  layers. 
Many  of  these  stacking  faults  originate  at  the  GaAs/ZnSe  buffer  interface 
and  propagate  through  the  entire  epilayer  and  to  the  surface.  Many  more 
stacking  faults  were  found  in  the  upper  p-type  layer  than  in  the  lower  n- 
type  layer,  because  some  of  them  originate  at  the  interface  in  the  middle  of 
epilayers.  A cross  sectional  TEM  image  of  the  structure  is  shown  in  Figure 
5.1.  Figure  5.2  shows  a typical  image  of  plan-view  TEM  for  the  upper  p- 
type  ZnSSe  layer.  The  number  of  triangular  stacking  faults  is  about  20  per 
10  pm^.  This  dense  population  of  stacking  faults  is  equivalent  to  a defect 
density  of  1.5x10®  /cm^  when  calculated  using  the  length  of  partial 
dislocations  enclosing  the  stacking  fault. 
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In  the  simplified  ternary-based  heterostructure  (structure  II),  almost 
no  stacking  faults  were  observed  which  indicates  an  extended  defect 
density  of  less  than  10®/cm^.  A cross-sectional  TEM  image  of  this  sample 
is  shown  in  Figure  5.3(a).  A (004)  high  resolution  x-ray  reflection  is  shown 
in  Figure  5.3(b)  for  this  ternary-based  heterostructure.  ZnSSe  peaks  are 
separated  from  the  GaAs  peak,  which  means  the  ZnSSe  lattice  constant  is 
slightly  larger  than  the  GaAs  lattice  constant.  Although  there  exists  a slight 
mismatch,  the  defect  density  in  this  structure  is  quite  low. 

A cross-sectional  TEM  image  of  the  quaternary-based  SCH 
(structure  III)  is  shown  in  Figure  5.4(a).  This  figure  shows  typical 
triangular  stacking  faults.  Threading  dislocations  appear  to  be  generated 
at  the  stacking  fault  and  terminate  at  the  surface.  Misfit  dislocations  can 
be  seen  near  the  ohmic  contact  area.  The  epilayers  in  quaternary  based 
SCH  are  not  perfectly  lattice-matched  each  other  at  room  temperature  as 
shown  in  the  high  resolution  x-ray  rocking  curves  in  Figure  5.4(b).  Peaks 
of  ZnSSe  and  ZnMgSSe  layers  are  separated  from  the  GaAs  peak  and  they 
appear  to  be  separated  each  other. 

The  major  types  of  extended  defects  observed  in  the  as-grown 
structures  of  quaternary  based  SCH  sample  are  (a)  misfit  dislocations  in  the 
area  of  ohmic  contact,  (b)  [110]  dislocations  developed  near  the  ZnSSe/ 
ZnMgSSe  interface  and  (c)  stacking  faults  through  out  structure.  Among 
these  defects  stacking  faults  are  the  main  extended  defect  that  exist  in  the 
quantum-well.  Although  the  quantum-well  (ZnCdSe)  is  highly  strained,  no 
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misfit  dislocations  were  observed  in  the  quantum-well  since  the  thickness 
of  the  quantum-well  is  well  below  the  critical  thickness.  The  three  types  of 
defects  were  further  analyzed  as  follows. 

5.1.1  Misfit  and  threading  dislocations 

To  obtain  plan-view  TEM  images  near  the  top  surface,  a specimen 
was  ion  milled  from  only  the  GaAs  substrate  side.  A typical  plan-view 
TEM  image  near  the  top  ohmic  contact  is  shown  in  Figure  5.5(a).  The 
misfit  dislocations  develop  due  to  the  lattice-mismatch  between  ZnTe, 
ZnSe  and  ZnMgSSe.  The  dislocation  density  in  this  region  is  very  high, 
around  1.6x10®  /cm^.  To  determine  the  volume  of  the  specimen  for  the 
defect  density,  the  thickness  of  the  foil  was  estimated  utilizing  the 
thickness  fringes.  In  a bright  field  image,  white  fringes  occur  at 
t ! = 0,  1,  2,  etc,  where  t is  the  thickness  of  the  specimen  and  is  the 

effective  extinction  distance.  Another  method  used  to  confirm  the  correct 
thickness  was  utilizing  the  dimension  of  a stacking  fault  assuming  one 
knows  the  location  of  its  origin.  The  vertical  thickness  of  the  specimen 
can  be  evaluated  when  the  stacking  fault  ends  on  each  of  the  ion-milled 
surfaces. 

Two  types  of  dislocations  were  observed  in  this  contact  area,  misfit 
dislocations  and  threading  dislocations.  Some  of  the  misfit  dislocations 
develop  along  the  [110]  direction  and  have  been  identified  as  60°  mixed 
[110]  dislocations.  These  are  typically  observed  in  ZnSe  epilayers  on  the 
mismatched  substrate,  i.e.  GaAs  [83].  However,  most  of  the  misfit 
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dislocations  appear  to  be  developed  in  zigzag  shapes  at  random 
orientations.  The  steps  in  these  zigzagged  dislocations  lie  along  in  the 
<110>  directions.  Such  zigzagged  dislocations,  that  on  an  average  are 
oriented  along  a <100>  direction,  would  be  an  energetically  favorable 
configuration  from  a misfit  relief  perspective  [84],  These  dislocations  may 
evolve  by  repeated  cross  slip  of  threading  segments  of  dislocations  on 
adjacent  {111}  glide  planes  as  they  move  across  the  epilayer  leaving  a 
misfit  segment  during  growth  [85].  As  a result  of  this  cross  slip,  the  misfit 
dislocation  may  attain  a zigzag  shape.  The  resulting  configuration  is  more 
efficient  in  relieving  misfit  strain  since  it  has  a <100>  orientation,  which  is 
not  attainable  by  glide  alone.  Such  a zigzag  motion  of  misfit  dislocations 
has  not  been  observed  in  III-V  and  IV-IV  systems  and  therefore  suggests 
that  cross-slip  may  be  easier  in  II-VI  compounds. 

In  addition  to  dislocations,  stacking  faults  were  also  observed  in  this 
region,  which  appear  to  terminate  at  the  misfit  dislocations.  They  show  the 
typical  nature  of  a stacking  fault  of  ZnSe  based  epilayers.  The  detailed 
analysis  of  the  stacking  faults  follows  in  section  5.1.3. 

5.1.2  [110]  Dislocations  in  the  middle  layer 

The  plan-view  specimen,  which  was  initially  milled  from  the  GaAs 
substrate,  was  subsequently  ion-milled  from  the  top  surface  to  analyze  the 
p-type  top  layer  after  removal  of  the  contact  region.  For  the  underlying  p- 
type  layer  [110]  type  dislocations  were  observed.  Most  of  these 
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dislocations  were  aligned  along  only  one  of  the  <110>  directions  as  shown 
in  Figure  5.5(b).  This  indicates  that  the  strain  relief  was  anisotropic  for 
this  sample.  The  dislocations  appear  to  be  located  in  the  middle  of  upper 
ZnMgSSe  layer,  i.e.  at  the  interface  between  ZnMgSSe  cladding  layer  and 
ZnSSe  barrier  layer.  Some  of  these  dislocations  appear  to  terminate  at 
triangular  stacking  faults  lying  just  below  the  contact  layer.  Other 
dislocations  appear  as  elongated  half  loops  starting  and  ending  within  the 
ohmic  contact  layer.  Most  of  these  dislocations  seem  to  end  at  the  edge  of 
the  structure.  The  length  the  elongated  segments  was  found  to  be 
typically  greater  than  15  -20  pm  with  a mean  spacing  about  5 -10  pm. 

Most  of  these  [110]  type  dislocations  were  identified  as  60“ 
dislocations  and  this  result  is  consistent  with  that  of  Choi  et  al.  [86]  who 
reported  a lack  of  90  degree  perfect  edge  dislocations  at  the  ZnSe/GaAs 
interface.  In  zincblende  structures,  the  lattice  a/2<110>  dislocations  are 
commonly  observed  to  be  narrowly  dissociated  into  pairs  of  1/6<112> 
partial  dislocations.  A typical  dissociation  is  that  a 60“  lattice  dissociation 
( i.e.,  with  angle  between  line  direction  and  Burgers  vector  of  60“)  is 
dissociated  into  two  partial  dislocations  with  angle  between  line  direction 
and  Burgers  vector  of  30“  and  90“.  The  partial  dislocations  bound  a 
stacking  fault  [87].  The  dissociation  of  [110]  dislocations  can  be  observed 

by  comparing  images  from  g220  and  g220  two  beam  conditions  as  shown 
in  Figure  5.7. 
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5.1.3  Stacking  faults 

Stacking  faults  were  the  major  defect  type  observed  in  every 
structure.  Since  most  researchers  suggest  that  these  stacking  faults  are  the 
cause  of  the  fast  degradation  of  II-VI  lasers,  a through  characterization  of 
these  stacking  faults  is  reported  in  this  section. 

In  the  upper  p-type  layers,  stacking  faults  originate  at  the  quantum- 
well  region  and  terminate  at  the  surface.  The  size  of  the  stacking  faults 
appear  to  be  uniform  implying  they  originate  at  the  same  depth.  Almost  all 
of  them  appear  in  pairs  that  are  connected  by  narrow  stacking  faults.  The 
spacing  between  pairs  is  about  0.8  - 1.0  pm.  Figure  5.6(a)  shows  a cross- 
sectional  TEM  image  of  these  stacking  faults  and  plan-view  TEM  images 
are  shown  in  Figure  5.6(b)  after  removal  of  the  ohmic  contact  region. 
When  we  observe  the  stacking  faults  using  different  two  beam  conditions, 
the  connection  between  the  stacking  fault  pairs  is  much  apparent.  The 
connection  of  stacking  fault  pairs  is  shown  in  Figure  5.7.  The  connecting 
stacking  faults  are  enclosed  by  partial  dislocations.  One  unique 
characteristic  of  these  stacking  faults  is  their  anisotropic  formation.  All  of 
the  pairs  are  aligned  in  only  one  of  the  <110>  directions,  i.e.  all  the 

stacking  faults  are  on  the  (111)  and  (111)  planes  and  the  stacking  fault 
pairs  are  all  parallel  to  the  [110]  type  dislocations  as  shown  in  Figure 
5.5.(b).  This  anisotropy  might  arise  from  the  tilt  of  the  substrate  prior  to 
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growth.  During  the  ion  milling  procedure,  these  stacking  faults  were  used 
to  evaluate  the  milling  depth  from  the  surface. 

In  the  lower  n-type  epilayers,  density  of  stacking  faults  is  much 
lower  than  that  in  the  upper  p-type  layers.  A typical  plan  view  TEM  image 
is  shown  in  Figure  5.8.  These  faults  also  occur  in  pairs  and  are  connected 
by  a very  small  segment.  The  stacking  fault  pairs  in  this  region  is  aligned 

in  the  perpendicular  [110]  direction  to  the  stacking  fault  observed  in  the  p- 

type  layer.  The  fault  planes  are  (111)  and  (111),  respectively. 

One  of  the  reason  why  so  many  stacking  faults  exist  in  II- VI  ZnSe 
based  layers  would  be  the  low  stacking  fault  energies.  The  stacking  fault 
energy  in  II-VI  compounds  has  been  estimated  experimentally  [88].  In 
contrast  to  the  III-V  compounds,  the  stacking  fault  energy  of  II-VI 
compounds  are  substantially  lower  as  shown  in  the  following  table. 

Table  5.1.  Stacking  fault  energy  of  II-VI  compounds  [91] 


Material 

Stacking  fault  energy 
Y (mJ/m2) 

GaAs 

55 

ZnSe 

13 

ZnTe 

16 

ZnS 

<6 

CdSe 

14 
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Type  of  stacking  fault  The  type  of  stacking  faults  in  ZnSe  based 
epilayers  reported  previously  were  not  consistent.  Some  authors  have 
reported  extrinsic  stacking  faults  [89][90],  while  other  have  reported  the 
stacking  faults  are  intrinsic  [91],  In  order  to  determine  the  type  of  stacking 
fault,  a bright  field  image  and  a centered  dark  field  (CDF)  image  were 
taken  and  they  are  shown  in  Figure  5.8  and  Figure  5.9.  The  bright  field 
image  consists  of  a series  of  alternate  dark  and  bright  fringes  running 
parallel  to  the  intersection  of  the  fault  plane  and  the  sample  surface.  The 
dark  field  image  is  also  a series  of  fringes  but  the  outer  fringes  are  not  the 
same.  Normally,  centered  dark  field  imaging  is  performed  using  opposite  g 
vector  to  the  bright  field  (BF)  mode  and  the  top  fringes  are  then  of 
opposite  contrast.  This  behavior  enables  the  sense  of  inclination  of  the 
fault  plane  to  be  determined.  On  a positive  print  the  first  fringe  at  the  top 
of  the  foil  in  BF  is  bright  for  g-Rp  positive  and  dark  for  g-Rp  negative, 
which  is  the  basis  of  the  method  for  determination  of  extrinsic/intrinsic 
nature  of  a fault.  Here,  Rp  is  the  displacement  vector.  In  the  case  of  zinc- 
blende  structure,  stacking  faults  have  a displacement  vector  of 
Rp=l/3<111>  or  1/6<211>.  Rp=l/3<111>  is  the  displacement  vector  of  the 
Frank  type  fault  originating  from  partial  dislocations  with  b=l/3<lll>. 
Rp=l/6<211>  is  that  of  the  Shockley  type  fault  with  b=l/6<211>.  Rp  can 
be  easily  determined  by  examining  the  cross-sectional  TEM  images  (Figure 
5.4)  and  it  is  1/3<111>.  Most  of  the  stacking  faults  in  this  material  are 
Frank  type  in  nature. 
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The  type  of  the  stacking  fault  can  be  determined  by  examining  plan- 
view  TEM  images.  For  example,  in  Figure  5.9  the  zone  axis  was  [001]  and 
the  g vector  for  the  two  beam  condition  is  [220].  So  the  upper  drawn 
normal  direction  is  [111]  since  Rf=l/3[111].  If  the  stacking  fault  is 
intrinsic,  the  product  of  Rp  and  g is  positive,  and  the  image  contrast  will  be 
bright  -bright  in  BF  mode,  i.e.,  both  the  top  surface  side  and  the  bottom 
side  is  bright.  If  the  stacking  fault  is  extrinsic,  the  g-Rp  product  is  negative 
and  thus  the  contrast  will  be  dark-dark.  As  it  is  can  be  seen  in  Figure  5.9 
stacking  faults  in  the  upper  p-type  layer  show  dark-dark  contrast  and  are 
therefore  extrinsic.  However,  the  stacking  faults  in  the  lower  n-type  layer 
intrinsic,  because  the  value  of  g-Rp  is  negative  and  they  have  dark-dark 
contrast  in  BF  mode  as  shown  in  Figure  5.8. 

Type  of  partial  dislocation  From  the  cross-sectional  TEM  image 
of  stacking  faults  (Figure  5.4)  which  lie  along  a [110]  direction,  the  edge- 
on  stacking  faults  would  meet  at  a point  near  the  ZnSe/GaAs  interface. 
The  angle  between  the  (001)  plane  of  the  epilayer  and  each  stacking  fault  is 
54.7°,  which  corresponds  to  the  angle  between  the  (001)  and  the  (111) 
planes  of  a cubic  crystal.  It  shows  that  stacking  faults  lie  on  the  {111} 
planes.  Four  kinds  of  Burgers  vectors  are  expected  to  correspond  to  the 
types  of  partial  dislocations  on  the  (111)  fault  planes,  which  can  be 
described  as 
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l/2[il0]=l/6{l2i]  + l/6[211] 
l/2[i01]=l/6[n2]  + l/6[211] 
l/2[0ll]=  l/6[n2]  + l/6[121] 

1/3[111] 

Similar  types  of  Burgers  vectors  can  be  expressed  on  the  (111)  plane. 
These  Burgers  vectors  and  the  corresponding  values  of  g-b  for  some 
reflection  vectors  are  listed  in  Table  5.2.  From  the  fact  that  partial 
dislocations  are  invisible  for  g-b=0  and/or  ±1/3  and  the  Burgers  vectors 
were  determined  to  be  l/2[h0]=  l/6[l2i]  + l/6[211]  on  the  (111)  plane. 
Thus  the  type  of  partial  dislocations  are  Schockley  types. 

Table  5.2.  Burgers  vectors  of  partial  dislocations  expected  for  the  (111) 
fault  planes 


b = 1/3[111] 

1/6[121] 

1/6[!21] 

i/6[n2] 

1/6[211] 

g 

gb 

200 

2/3 

1/3 

-1/3 

-1/3 

-2/3 

220 

4/3 

-1/3 

1/3 

-2/3 

-1/3 

220 

0 

1 

-2/3 

0 

-1 

131 

5/3 

-2/3 

2/3 

-2/3 

1/3 

1 3 1 

1 

-1 

1 

-1 

0 
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5.2  Degradation-Induced  Defects 

5.2.1  Dark  defects  observed  in  EL  Microscope 

During  degradation  electroluminescence  images  were  captured  by  a 
CCD  camera  through  the  thin  gold  contact.  This  enabled  the  observation 
of  any  changes  in  the  light  emitting  region,  i.e.  the  quantum-well  region. 
For  the  LEDs  fabricated  from  ternary-based  SCH  (structure  I),  the  worst 
sample  in  terms  stacking  fault  density,  only  dark  spot  defects  (DSD)  were 
observed  which  grew  larger  covering  the  entire  region  upon  degradation  as 
shown  in  Figure  5.10.  These  EL  pictures  show  the  successive  stages  of 
degradation  of  an  LED  and  degradation  defect  development  during 
operation.  Driving  conditions  used  for  degradation  were  the  same  as  in 
Table  3.1.  There  were  no  dark  line  defects  (DLD)  observed  in  this  sample. 
The  reason  would  appear  to  be  associated  with  the  high  density  of  pre- 
existing defects. 

LEDs  from  the  simplified  ternary-based  heterostructure  (structure  II) 
and  quaternary-based  SCH  (structure  III)  showed  both  dark  spot  defects 
and  dark  line  defects  during  degradation.  In  the  initial  stages  of 
operation,  the  dark  line  defects  showed  up  near  the  thick  gold  pad  and 
seemed  to  propagate  to  the  center  of  the  thin  gold  layer  defining  the  LED. 
One  of  the  reasons  for  this  observation  may  be  a greater  current  density 
under  the  gold  pad  and  thus  increased  the  generation  of  DLDs.  Another 
reason  may  be  related  to  a greater  amount  of  strain  under  the  gold 
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contact.  As  shown  in  Figure  5.11  and  Figure  5.12  dark  lines  and  dark  spot 
damage  increases  as  the  degradation  progresses.  The  dark  spot  defects  and 
dark  line  defects  seem  to  appear  almost  simultaneously.  The  appearance  of 
DLDs  in  the  simplified  ternary-based  heterostructure  (structure  II)  in 
electroluminescence  microscope  was  different  from  that  in  quaternary- 
based  SCH  (structure  III).  DLDs  in  simplified  ternary-based 
heterostructure  are  more  straight  than  those  in  quaternary-based  SCH. 
There  are  more  dark  spot  defects  in  the  EL  image  for  quaternary-based 
SCH.  This  indicates  that  dark  spot  defects  are  related  to  the  preexisting 
defects  around  the  quantum-well  active  region  since  the  quaternary-based 
SCH  has  more  pre-existing  defects  and  the  highest  density  of  dark  spot 
defects  occurred  as  mentioned  for  ternary  based  SCH  which  had  the  highest 
stacking  fault  density.  Some  DLDs  are  slightly  misoriented  from  the  <100> 
directions  and  very  few  DLDs  were  even  oriented  in  the  [110]  direction  in 
the  degraded  quaternary  based  SCH.  The  misorientation  may  be  come  from 
the  connection  of  the  DSDs  located  closely. 

The  dark  defects  lie  in  the  region  of  active  quantum  well  area, 
because  the  non-radiative  recombination  takes  place  in  the  degradation 
defects  and  appear  to  be  dark  in  the  EL  microscope.  They  appear  very  early 
in  the  degradation  stage.  The  DLDs  appeared  after  about  10%  degradation, 
i.e.  when  the  output  intensity  decreased  to  90%  of  the  initial  output 
intensity.  When  a higher  current  density  was  applied,  DLDs  formed  very 
rapidly.  Figure  5.13  shows  the  time  for  DLDs  to  appear  at  the  driving 
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conditions  of  10  KHz  repetition  rate,  20%  duty  cycle  and  different  current 
densities.  The  current  density  appears  to  be  a major  factor  in  the 
generation  of  DLDs  during  operation.  As  shown  in  Chapter  3,  the  higher 
current  density  causes  the  device  to  degrade  faster. 

A peculiar  aspect  of  these  DLDs  is  that  the  direction  of  the  dark  line 
is  along  the  <100>  directions  as  seen  from  the  top  surface.  If  the  highly 
strained  quantum-well  is  relaxed  by  plastic  deformation,  then  the  usual 
<110>  misfit  dislocations  would  be  generated.  The  most  common  slip 
system  is  <110>{111}  in  a zinc  blend  structure.  The  <100>  directions  of 
DLDs  indicate  that  DLDs  may  not  be  related  to  the  strain  relaxation 
process  in  the  quantum-well.  As  described  in  chapter  4 the  strain  in  the 
quantum-well  had  remained  the  same  until  50%  degradation.  This  supports 
the  hypothesis  that  the  DLDs  are  not  related  plastic  deformation  due  to 
strain  relief.  Also  as  mentioned  AlGaAs/GaAs  lasers  can  degrade  by  [100] 
DLDs.  And  the  dislocation  climb  is  responsible  for  these  defects.  However, 
to  date  no  one  has  reported  what  is  the  micro-structural  source  of  the 
[100]  DLD’s  in  ZnSe-based  lasers.  The  spacing  between  DLDs  was 
estimated  to  be  about  8 pm  for  structure  II  and  4-5  pm  for  structure  HI 
after  50%  degradation  as  shown  in  Table  5.3.  This  data  indicates  that  most 
of  DLDs  form  in  the  early  stages  of  degradation. 

5.2.2  TEM  Analysis 

In  order  to  study  further  the  micro-structural  source  of  DLDs, 
specimens  for  plan-view  and  cross-sectional  TEM  were  prepared.  No 
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Table  5.3.  Spacing  and  number  of  DLDs  for  quaternary-based  SCH 


Degradation 

10% 

30% 

50% 

80% 

DLD  Spacing 
(micron) 

10-15 

5-10 

5 

5 

# of  DLDs  in  200 
microns 

15-20 

20-35 

35-40 

35-40 

defects  were  observed  in  the  TEM  for  the  slightly  or  moderately  degraded 
samples  (until  50%  degradation)  for  both  structure  II  and  structure  III. 
Defects  were  observable  only  in  the  sample  that  was  heavily  degraded,  i.e. 
down  to  30%  of  initial  output  intensity  (70%  degradation).  One  reason 
might  be  that  DLDs  in  their  early  stages  of  degradation  may  be  caused  by 
point  defect  accumulation  and  they  had  not  yet  transformed  into  extended 
defects.  From  this  observation,  DLDs  may  be  related  to  point  defect 
generation,  diffusion  and  agglomeration.  In  the  early  or  even  the  moderate 
degradation  stage  (50%  degradation),  no  strain  relief  was  observed  in  the 
quantum-well  as  described  in  chapter  4.  The  generation  and  accumulation 
of  point  defects  may  not  be  contributing  to  significant  strain  relaxation  of 
the  quantum-well.  As  more  DLDs  nucleate  and  grow  as  in  the  heavily 
degraded  LEDs,  the  quantum-well  strain  may  be  relaxed. 
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Degradation-induced  defects  observed  in  TEM  in  70-80%  degraded 
LEDs  comprise  of  not  only  <100>  dark  line  defects  but  also  other 
various  defects,  such  as  dislocation  tangles,  dislocation  helices  and 
dislocation  half  loops. 

<100>  dark  line  defects  in  structure  II.  In  the  80%  degraded  simplified 
ternary-heterostructure  (structure  II),  dislocation-like  <100>  dark  line 
defects  were  observed.  The  line  direction  is  about  3°  off  from  the  <100> 
direction  as  shown  in  Figure  5.14.  This  figure  shows  a cross  section  area  of 
two  DLDs.  Burgers  vector  analysis  on  these  lines  was  not  possible,  because 
the  defects  exhibited  very  little  strain  contrast  and  were  hence  difficult  to 
image.  Figure  5.15  shows  these  defects  at  a higher  magnification.  On  this 
fine  scale  in  most  cases  2-3  lines  of  contrast  were  closely  packed  to  each 
other  (0.1  pm  apart)  and  these  bundled  lines  were  spaced  about  0.6  pm 
apart.  It  is  not  believed  these  are  simple  dislocations  as  seen  in  degraded 
AlGAs/GaAs  devices.  In  fact  the  fractured  contrast  suggests  they  might 
even  be  fine  rows  of  clusters  of  point  defects. 

<100>  dark  line  defects  in  structure  III.  In  the  70-80%  degraded 
quaternary-based  SCH,  a different  type  of  <100>  dark  line  defects  was 
observed.  A relatively  low  magnification  image  of  DLDs  is  shown  in 
Figure  5.16.  The  spacing  between  these  <100>  dark  line  defects  is  about  4- 
6 microns  on  average  and  this  distance  is  about  the  same  as  that  measured 
in  the  electroluminescence  microscope.  The  orientation  of  these  defects  is 
exactly  along  the  [100]  and  [010]  directions.  These  defects  appear  to  be 
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connected  lines  among  oval  defects  newly  developed  during  operation 
along  the  <100>  directions.  The  size  of  these  oval  defects  is  about  0.1|im 
X O.lSpm,  usually  elongated  in  the  <100>  directions.  There  exist  many 
shorter  dark  line  defects  which  are  not  connected,  and  appear  to  be  aligned 
in  the  <100>  directions.  When  a diffraction  pattern  was  taken  at  the  region 
of  the  degradation  defect  island,  a ring  pattern  was  observed  as  shown  in 
Figure  5.17.  This  single  halo  surrounding  a diffraction  spot  normally 
corresponds  to  distortion  of  crystalline  structure.  This  suggests  that  the 
region  about  these  <100>  dark  line  defects  is  not  single  crystal.  Somehow 
the  crystalline  nature  of  the  structure  was  destroyed  during  the  degradation 
and  those  islands  of  the  <100>  DLDs  became  regions  of  dense,  small  size 
of  dislocations.  Another  nature  of  DLDs  can  be  seen  from  a weak  beam 
dark  field  TEM  image  shown  in  Figure  5.18.  Here  dark  defect  islands 
resembling  dislocation  loops  are  seen  and  some  of  them  appear  to  be 
connected  with  short  dislocations. 

The  nucleation  point  of  some  <100>DLDs  appears  to  be  at  pre- 
existing stacking  faults.  Figure  5.19  shows  a stacking  fault  with  a clump 
of  dislocations  around  it  and  a DLD  that  appear  to  be  connected  to  it. 
This  implies  that  the  stacking  faults  would  be  the  origins  of  DLDs  during 
device  operation.  Kuo  et  al.  [92]  observed  that  stacking  faults  that  were 
partially  collapsed  during  photodegradation.  A part  of  the  stacking  fault 
became  a dense  tangle  of  dislocations.  They  speculated  that  the  stacking 
fault  has  transformed  to  a dense  tangle  of  dislocations  after 
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photodegradation.  The  dense  dislocation  tangle  was  observed  elongated 
along  the  <100>  directions.  In  our  study  the  stacking  fault  transformation 
occurred  after  electrical  degradation.  The  tangled  dislocation  may  appear 
as  dark  spot  defects  in  electroluminescence  images.  Figure  5.20  shows 
another  type  of  nucleation  site  of  DLD.  The  circular  defects  resemble  a 
molten  area,  which  appear  to  be  connected  to  a DLD.  It  could  be 
speculated  that  a defect  site  in  the  quantum  well  might  be  melted  during 
operation.  The  possibility  of  melting  during  operation  will  be  discussed 
more  in  detail  in  chapter  6. 

In  order  to  know  where  the  DLDs  lie  in  the  structure,  an  Auger 
depth  profile  was  obtained  from  the  plan-view  TEM  specimen  in  which  we 
observed  DLDs.  The  detection  area  was  near  the  edge  of  the  thinned 
specimen  in  which  DLDs  were  found.  As  shown  in  Figure  5.21  sulfur 
content  has  a large  valley  in  the  middle  that  represents  ZnSSe  barrier  layers 
cladded  by  ZnMgSSe  layers.  This  Auger  profile  indicates  DLDs  are  at 
least  within  the  ZnSSe  barrier  layers.  We  believe  the  surface  ion-milling 
procedure  used  successfully  exposed  the  quantum  well  region  to  PTEM 
investigation.  The  Cd  content  would  not  be  detected  due  to  the  small 
thickness  of  the  quantum  well  and  the  rough  surface  of  the  ion-milled 
specimen. 

Other  types  of  degradation  defects.  Although  the  major  type  of 
degradation-induced  defects  in  the  early  stage  of  operation  is  <100>  dark 
line  defects  and  dark  spot  defects,  additional  extended  defects  such  as 
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dislocation  helices,  dislocation  tangles,  dislocation  half  loops  and  newly 
generated  stacking  faults  were  observed  after  degradation. 

(a)  Dislocation  helix;  Many  small  helices  were  developed  in  the  heavily 
degraded  sample  especially  near  the  <100>  dark  line  defects.  A typical  area 
near  a dark  line  defect  is  shown  in  Figure  5.22.  A dislocation  helix  can  be 
produced  by  vacancy  absorption  and  emission  in  the  climb  bow-out  of  a 
dislocation  segment.  In  the  study  of  whiskers,  Webb  [93]  observed 
dislocation  helices  in  palladium  whiskers  and  he  deduced  that  helices 
formed  by  vacancy  condensation.  The  general  rule  for  formation  of  a helix 
is  described  by  Hirth  et  al.  [94].  The  formation  of  helices  in  metals 
involves  with  vacancy  absorption  or  emission.  In  semiconductors  of  zinc 
blend  structure,  high  concentration  of  interstitials  and  vacancies  is 
possible.  The  presence  of  such  helices  in  the  degraded  LEDs  is  therefore 
consistent  with  the  formation  of  high  concentration  of  point  defects  during 
degradation. 

(b)  Tangled  dislocation;  Many  tangled  dislocations  were  also  found  in  both 
plan-view  and  cross  sectional  TEM.  They  appear  to  develop  near  pre- 
existing stacking  faults  and  in  the  upper  p-type  layer.  A TEM  micrograph 
of  such  defects  is  shown  in  Figure  5.23(a). 

(^)  Dislocation  half  loop;  Dislocation  half  loops  also  formed  during 
operation.  They  appear  to  grow  along  the  ZnSSe  and  ZnMgSSe  interface 
and  end  up  at  the  ohmic  contact  where  dense  misfit  dislocation  networks 
exist.  Some  dislocations  are  located  along  the  quantum-well.  Typical 
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dislocation  half  loops  are  shown  in  the  cross  sectional  TEM  image  in 
Figure  5.23  (b).  It  is  noted  that  degradation-induced  defects  occurred  in 
much  greater  numbers  in  the  upper  p-type  layer  relative  to  the  lower  n-type 
layer.  The  tangled  dislocations  exist  almost  exclusively  in  the  upper  layers 
and  dislocation  half  loops  are  also  located  only  in  the  upper  layer.  This 
can  be  clearly  seen  in  Figure  5.24.  The  resistivity  in  the  p-type  layer  is 
higher  due  to  low  net  carrier  density  may  cause  more  heating  and 
contribute  to  the  easier  defect  formation.  The  poorer  initial  crystalline 
quality  (more  pre-existing  defects),  the  proximity  to  the  surface  and  the 
proximity  to  the  ohmic  contact  with  its  high  defect  density  may  contribute 
to  the  higher  density  of  degradation  defects  in  the  upper  p-type  layer. 

(d)  Stacking  fault;  In  certain  areas  of  degraded  LED  stacking  faults  were 
generated.  Much  more  damages  can  be  seen  in  the  upper  p-type  layers  and 
degradation  induced  stacking  faults  are  shown  in  Figure  5.24(b).  The  size 
of  these  stacking  faults  was  much  smaller  than  the  pre-existing  faults.  The 
average  size  when  viewed  on  edge  is  about  0.3-0. 4 pm  on  the  {111} 
planes. 

Source  region  of  degradation  defects.  When  we  look  at  the 

degradation  induced  defects  in  the  cross  sectional  TEM  image  as  shown  in 
Figure  5.25,  the  main  dislocation  is  generated  along  the  quantum  well. 
This  TEM  image  was  taken  from  the  80%-degraded  structure  II.  In  order  to 
see  if  the  dislocation  is  confined  in  the  quantum-well,  the  specimen  was 
tilted  in  the  TEM  so  as  to  take  a look  at  the  quantum-well  plane  in  a two 
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dimensions.  This  main  dislocation  along  the  quantum-well  lies  within  the 
quantum-well  plane.  This  indicates  that  the  quantum  well  is  the  most 
susceptible  to  formation  of  extended  defects.  Many  dislocation  branches 
were  developed  from  the  main  dislocation  in  the  quantum  well.  This  figure 
implies  that  the  defects  may  be  start  from  the  quantum  well  first  and 
develop  into  the  outer  layers.  However,  degradation  induced  defects  in 
structure  III  shows  different  characteristics.  As  described  previously  most 
of  degradation  induced  defects  are  located  in  the  upper  p-type  layers  and 
the  ohmic  contact  region  also  seems  to  act  as  the  source  for  those 
degradation  defects.  In  other  words,  defects  may  be  start  to  form  at  the 
ohmic  contact  area  and  propagate  to  the  quantum  well. 

5.3.  Summary 

The  major  pre-existing  defects  are  as  follows:  (a)  misfit  dislocation 
networks  in  the  ohmic  contact  area,  whose  density  is  about  10®  /cm2  and 
most  of  them  are  in  zigzag  shapes  which  are  not  common  in  other  III-V 
system,  (b)  [100]  dislocations  in  the  middle  of  the  upper  p-type  layers, 
which  are  identified  as  typical  60“  dislocations  and  mostly  develop  in  one 
of  the  <110>  directions  and  (c)  stacking  faults  through  out  the  whole 
structure,  which  are  all  Frank  type  in  nature,  and  most  of  them  in  the 
upper  p-type  layer  are  intrinsic  and  those  in  the  lower  layers  are  extrinsic. 
They  all  occur  in  pairs  and  form  in  one  direction  of  <110>.  The  strong 
anisotropic  distribution  of  defects  was  observed. 
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The  major  defects  induced  during  LED  operation  is  <100>  dark  line 
defects.  TEM  analyses  showed  that  DLDs  appeared  to  be  rows  of  clusters 
of  point  defects  aligned  in  the  <100>  direction  in  the  80%  degraded 
simplified  ternary  heterostructure  (structure  II).  However,  DLDs  in  the 
80%-degraded  quaternary-based  SCH  (structure  III)  appeared  to  be  regions 
of  distorted  crystalline  material,  such  as  dense  area  of  small  dislocations, 
connected  in  the  <100>  directions.  The  nucleation  site  of  the  DLDs 
appeared  to  be  the  stacking  faults.  The  pre-existing  stacking  fault  was 
transformed  into  a dislocation  tangle  that  may  as  the  origin  of  DLDs. 
DLDs  seem  to  form  by  accumulation  of  point  defects  generated  during 
degradation.  DLDs  act  as  non-radiative  recombination  sites  at  or  near  the 
active  quantum-well  and  appear  to  be  dark  in  EL  microscopy. 

Other  degradation-induced  defects  such  as  dislocation  helices, 
dislocation  tangles,  dislocation  half  loops  and  stacking  faults  were  also 
generated  during  electrical  degradation.  Dislocation  helices  are  formed 
through  the  vacancy  emission  and  absorption  which  is  also  consistent  with 
the  generation  of  point  defects  during  electrical  degradation. 
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Figure  5.1.  Cross-sectional  TEM  image  in  bright  field  mode  showing  typical  stacking 
faults  residing  on  the  { 1 1 1 } planes  for  as-grown  ternary-based  SCH  (structure  I) 
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Figure  5.2.  Plan- view  TEM  image  at  BF  of  the  upper  p-type  layers  for  ternary-based 

SCH  (structure  I) 
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p-type  ZnSSe 


ZnCdSe  QW 


n-type  ZnSSe 


GaAs  substrate 


Figure  5.3(a).  Cross  sectional  TEM  image  for  the  simplified  ternary-based 
heterostructure  (structure  II).  No  defects  were  observed  and  thus  the  defect  density  is 
less  than  TEM  resolution  limitation. 
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Figure  5.3(b)  X-ray  rocking  curve  for  (004)  reflection  from  the  simplified  ternary-based 
heterostructure 
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Figure  5.4(a).  Cross-sectional  TEM  image  of  quaternary-based  SCH  (structure  III) 
showing  typical  stacking  faults  in  the  as-grown  structure 


intensity 
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Figure  5.4(b).  X-ray  rocking  curves  for  (004)  reflection  from  the  quaternary-based  SCH 
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Figure  5.5.  Plan-view  TEM  images  of  quaternary-based  SCH:  (a)  ohmic  contact  area 
showing  zigzag  misfit  dislocation  networks  and  (b)  the  upper  p-type  layers  showing 
stacking  faults  and  [110]  dislocations 
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Figure  5.6.  Stacking  fault  images  of  the  upper  p-type  layers  in  quaternary-based 
SCH:  (a)  cross  sectional  TEM  and  (b)  plan-view  TEM 


139 


Figure  5.7.  Plan-view  TEM  images  of  stacking  faults  and  [110]  misfit  dislocation  taken 
at  (a)  g220  and  (b)  g220  two  beam  conditions  in  quaternary-based  SCH 
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Figure  5.8.  Plan-view  TEM  images  of  a stacking  fault  pair  in  the  lower  n-type  layers  of 

quaternary-based  SCH  taken  at  (a)  BF  and  (b)  CDF  mode 
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Figure  5.9.  Plan-view  TEM  images  of  stacking  fault  pairs  in  the  upper  p-type  layers  of 
quaternary-based  SCH  taken  at  (a)  BF  and  (b)  CDF  mode 
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Figure  5.10.  Electroluminescence  images  of  the  ternary-based  SCH  taken  at  (a)  0%,  (b) 
20%,  (c)  50%,  (d)  80%  degradation  at  the  driving  conditions  in  Table  3.1 
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Figure  5.11.  Electroluminescence  images  of  the  quaternary  based  SCH  (structure  I)  taken 
at  (a)  0%  ,(b)  20%,  (c)  50%,  (d)  80%  degradation.  The  driving  conditions  were  20  % 
duty  cycle,  10  KHz  and  6 A/cm^  current  density 
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Figure  5.12.  EL  images  of  DLDs  in  the  simplified  ternary-based  heterostructure 
(structure  II)  at  (a)  30  % degradation  and  (b)  70  % degradation 


145 


Figure  5.13.  Time  for  DLD  appearance  in  EL  microscopy  at  different  current  density  at 
the  driving  conditions  of  10  KHz,  20  % duty  cycle  for  the  quateemary-based  SCH 
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Figure  5. 14.  (a)  Plan-view  TEM  images  of  DLDs  in  the  80%-degraded  LED  of  the 

simplified  ternary-based  heterostructure,  (b)  two  beam  condition  (g220)  used  in  the 
electron  diffraction  pattern  for  this  picture  (angle  between  the  image  and  diffraction 
pattern  is  1 at  20X  magnification  and  200  KV,  by  which  the  pictures  was  taken) 
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Figure  5.15.  Degradation-induced  line  defects  in  simplified  ternary-based 
heterostructure.  At  a distance  from  the  cross  section,  DLDs  are  aligned  only  in  one  of  the 
<100>  directions. 
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Figure  5.16.  DLDs  developed  in  LEDs  fabricated  from  quaternary-based  SCH.  Long 
DLDs  are  aligned  in  the  <100>  directions  and  even  shorter  DLDs  were  also  aligned  in 
<100>. 
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Figure  5.17.  (a)  A large  scale  TEM  image  of  a DLD  and  (b)  diffraction  pattern  taken  at 

the  DLD  for  quaternary-based  SCH.  A ring  pattern  is  observable. 
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Figure  5.18.  Plan- view  TEM  images  of  a DLD  at  (a)  BF  and  (b)  weak  beam  dark  field 
(WBDF)  modes  for  quaternary-based  SCH 
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Figure  5. 19.  Transformed  stacking  fault  near  a DLD.  A stacking  fault  is  transformed  to 
tangled  dislocations  and  appears  to  be  a nucleation  site  of  DLD  in  quaternary-based  SCH. 


••• 
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Figure  5.20.  A precursor  for  DLD  appears  to  be  melted  in  quaternary-based  SCH 


intensity 
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Figure  5.21.  Auger  depth  profile  obtained  from  the  TEM  specimen  in  which  DLDs  were 
observed  in  quaternary  based  SCH 
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Figure  5.22.  Typical  plan-view  TEM  image  near  DLD.  Relatively  large  number  of 
dislocation  helices  were  developed  and  shorter  DLDs  and  dislocation  tangles  were  also 
observable  in  degraded  quaternary-based  SCH. 
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Figure  5.23.  Cross-sectional  TEM  images  of  (a)  tangled  dislocations  and  (b)  dislocation 
half  loops  generated  in  degraded  quaternary-based  SCH 
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Figure  5.24.  Cross-sectional  TEM  images  of  (a)  dislocations  half  loops  and  (b)  stacking 
faults  generated  during  LED  operation  in  quaternary-based  SCH 
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Figure  5.25.  Cross-sectional  TEM  image  of  degraded  ternary-based  heterostructure 
showing  that  a main  dislocation  confined  in  the  QW  and  other  dislocation  branches 
developed  from  the  QW 


CHAPTER  6 

DEGRADATION  MECHANISM 


The  following  observations  were  recorded  during  the  course  of  this 

study: 

(a)  LEDs  degrade  rapidly  at  current  density  levels  that  are  well  below  the 
lasing  level  for  lasers.  The  degradation  proceeds  with  the  generation  of 
DSDs  and  DLDs  in  the  active  quantum-well  region  during  operation. 

(b)  LEDs  degrade  more  rapidly  with  increasing  density  of  preexisting 
defects  and  current  density. 

(c)  The  temperature  of  the  active  region  during  a typical  LED  operation  is 
about  250  “C  and  this  value  is  higher  than  that  of  HI-V  devices. 

(d)  No  atomic  interdiffusion  takes  place  during  LED  operation  and  the 
abruptness  of  the  quantum-well  is  maintained  during  the  early  stages  of 
degradation.  The  strain  in  the  quantum-well  is  not  relaxed  in  the  50%- 
degraded  LEDs,  however  it  is  partially  relaxed  in  the  80%-degraded  LEDs. 

(e)  DSDs  and  DLDs  appear  in  the  early  stages  of  degradation  but  are  not 
detected  in  TEM.  The  EL  intensity  decreases  as  the  size  of  DSDs  and 
DLDs  increases.  The  degradation  induced  extended  defects  are  observable 
only  in  the  heavily  degraded  LEDs.  Other  types  of  extended  defect 
formation  (dislocation  helices)  indicate  that  point  defects  were  generated 
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during  degradation. 

(f)  For  structures  that  have  a low  pre-existing  stacking  fault  density 
(<10®/cm^),  DLDs  appear  to  be  straight  lines  which  may  be  strings  of  point 
defect  clusters. 

(g)  For  quaternary-based  separate-confined  heterostructures  that  have 
many  stacking  faults  (5*10®/cm2),  an  unusual  extended  defect  structure 
that  is  not  a simple  dislocation  area  appears  to  correspond  to  the  DLDs. 
These  elongated  degradation-induced  defects  appear  to  be  distorted 
crystalline  material  consisting  dense  tangles  of  small  dislocations  and 
connected  along  the  <100>directions. 

(h)  Stacking  faults  appear  to  be  the  nucleation  sites  for  many  DLDs. 
Melted  regions  may  be  another  possible  nucleation  site  for  DLDs. 

Based  on  these  facts  degradation  can  be  divided  into  two  stages.  In 
the  first  stage  of  degradation,  point  defects  are  generated  and  DSDs  and 
DLDs  are  formed.  In  the  second  stage,  extended  defects  are  formed  and 
strain  in  the  quantum  well  relaxes.  One  mechanism  of  DSDs  and  DLDs 
formation  may  be  due  to  point  defect  generation  and  their  subsequent 
clustering.  In  the  early  stages  of  degradation,  nonradiative  recombinations 
occur  at  the  pre-existing  defect  sites  in  the  quantum-well.  Point  defects 
could  be  generated  because  of  the  following;  (1)  Existence  of  relatively 
large  concentration  of  impurities  and/or  crystal  defects  ( intrinsic  point 
defects,  stacking  faults,  and  dislocations)  from  the  growth  (2)  Release  of 
larger  amount  of  energy  due  to  nonradiative  recombination  at  these  sites 
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(3)  Low  activation  energy  of  self  diffusion,  interdiffusion,  impurity 
diffusion  for  II-VI  compounds.  Point  defects  could  be  generated  in  the 
quantum-well  or/and  diffuse  from  sources  such  as  the  interface  or  the 
surface.  Dark  spot  and  line  defects  could  be  then  formed  by  condensation 
of  the  generated  point  defects.  The  point  defects  and  their  clusters  are  too 
small  or  the  strength  of  the  associated  strain  field  is  too  weak  to  be 
detected  by  TEM.  A second  possibility  may  be  that  DLD  could  nucleate 
due  to  melting  of  a defect  site.  During  this  fast  melting  and  quenching  a 
large  concentration  of  point  defects  can  be  created  and  condensed  into 
DLDs.  In  the  second  stage  of  degradation,  extended  defects  such  as 
dislocations  are  developed  through  point  defect  condensation  and 
dislocation  climb.  They  are  primarily  developed  in  the  quantum-well  and 
mostly  in  the  p-type  layer  that  is  near  to  the  ohmic  contact.  The  quantum 
well  is  highly  strained  and  thus  is  the  weakest  junction  in  the  entire 
heterostructure.  Some  amount  of  strain  in  the  quantum-well  could  then  be 
relieved  in  the  second  stage  through  to  the  formation  of  the  observed  line 
defects.  In  the  p-type  layer  it  is  easier  for  dislocations  to  grow  by  climb 
from  the  abundant  defect  density  in  the  contact  region. 

The  point  defect  creation,  diffusion  and  annealing  during  operation 
due  to  nonradiative  recombination  will  be  further  discussed  in  later 
sections.  The  thermal  stability  of  the  quantum-well  and  the  possibility  of 
melting  during  operation  are  also  discussed.  Finally  a model  of  the 
degradation  cycle  is  proposed. 


161 


6,1  Point  Defect  Generation 

The  creation  of  point  defects  was  speculated  to  account  for  the  slow 
degradation  of  III-V  devices.  During  the  operation,  point  defects  are 
created  continuously  for  a long  period  of  time  at  deep  level  defects  with 
the  energy  from  nonradiative  recombination.  Point  defects  created 
appeared  to  disperse  homogeneously  through  out  the  active  region.  Uji  et 
al.  observed  the  formation  of  micro-dislocation  loops  rather  than  large 
dislocation  networks  in  gradually  degraded  AlGaAs  lasers  [95].  Despite 
these  observations,  point  defect  creation  in  Ill-V  devices  during  the  long 
periods  of  operation  has  not  yet  been  confirmed. 

Energy  dissipation  during  Non-radiative  recombination  (Multiphonon 
emission).  The  ground  state  of  deep  defects  is  separated  from  the  band  by 
a high  energy  which  is  larger  than  the  energy  of  lattice  or  of  the  local 
phonons.  Therefore,  carrier  capture  by  such  centers  is  accompanied  by  the 
simultaneous  emission  of  many  phonons.  The  basis  for  the  theory  of 
multiphonon  transitions  was  laid  by  Huang  and  Rhys  in  1950  [96].  They 
proposed  an  adiabatic  potential  of  a defect  without  an  electron  (U2)  and 
that  with  an  electron  (Ul)  as  shown  in  Figure  6.1.  In  this  one  dimensional 
configuration-coordinate  diagram,  the  coordinate  x is  called  nuclear 
coordinate  and  U represents  the  potential  energy  of  the  nucleus. 
Nonradiative  recombination  at  an  impurity  center  occurs  in  two  steps.  For 
example,  in  a p-type  material  an  electron  in  the  conduction  band  is  first 
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captured  in  a bound  state  and  a certain  amount  of  energy  Ei  is  released. 
The  atom  with  the  bound  electron  is  displaced  to  a new  equilibrium 
position.  Then  the  bound  electron  recombines  with  a hole  in  the  valence 
band  and  an  amount  of  energy  82  is  released.  During  these  two  transitions, 
energy  equal  to  the  band-gap  must  be  dissipated.  The  multiphonon 
emission  has  been  considered  a major  energy  dissipation  mechanism  in 
GaAs  and  GaP.  Immediately  after  the  capture  of  the  electron  the  lattice  is 
displaced  far  from  the  equilibrium  position  giving  rise  to  a violent  lattice 
vibration  at  the  defect.  The  vibration  damps  rapidly  down  to  the  amplitude 
of  thermal  vibration  at  the  defect  after  a small  number  of  vibration  periods. 
During  the  damping,  the  localized  energy  propagates  away  from  the  defect 
as  lattice  phonons. 

In  devices  made  from  wide  band  gap  II-VI  materials,  point  defect 
creation  by  nonradiative  recombination  is  theoretically  easier  because  of 
the  larger  band  gap.  As  will  be  discussed  below,  the  formation  energy  of 
point  defects  is  about  the  same  as  GaAs.  Further  more,  there  are  many 
grown-in  nonradiative  recombination  sites  in  the  as-grown  structure. 
Therefore,  it  is  more  susceptible  to  generating  point  defects  during  device 
operation  by  multiphonon  emission  in  wide  gap  II-VI  devices. 

The  vacancy  formation  energy  (AH)  in  GaAs  has  been  calculated  to 
be  1.6  or  2.3  eV  depending  on  the  charge  state  [97].  For  II-VI  compounds 
the  enthalpy  of  formation  of  vacancy  was  calculated  by  J.A.Van  Vechten 
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[98],  The  formation  energy  of  vacancies  varied  between  2.6  and  3.5  eV  for 
the  II-VI’s  systems. 

The  energy  for  Frenkel  (interstitial-vacancy  pair)  defect  formation  is 
usually  smaller  than  that  of  Schottky  (vacancy)  defect  formation.  For  Si  the 
energy  of  formation  of  a Schottky  defect,  i.e.  the  energy  required  to  move 
an  atom  from  its  lattice  site  within  the  crystal  to  a lattice  site  on  its  surface 
is  2.3eV.  However,  the  energy  of  formation  of  a Frenkel  defect  is  about 
1.1  eV,  which  is  about  half  of  that  of  Schottky  defect  [99].  The  energy 
for  vacancy  formation  in  a compressed  layer  has  been  shown  to  be  reduced 
compared  to  an  unstrained  structure  by  Hopgood  [100],  In  a layer  of 
In0.2Ga0.sAs  on  GaAs  the  drop  in  the  energy  of  formation  of  a vacancy  was 
calculated  to  be  as  large  as  0.5  eV.  The  formation  energy  of  a Frenkel 
defect  would  be  much  less  than  the  values  in  Table  6.1.  for  a strained 
ZnCdSe  quantum-well. 


Table  6.1.  Enthalpy  of  single  vacancy  formation[98] 


materials(AB) 

AH(VA)[eV] 

AH(Vb)  [eV] 

Si 

2.66 

GaAs 

2.59 

2.59 

ZnS 

3.47 

3.13 

ZnSe 

3.09 

3.09 

CdSe 

3.18 

2.65 
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Dow  et  al.  [101]  proposed  that  the  rapid  degradation  of  III-V 
semiconductor  lasers  may  be  initiated  by  trapping  and  non-radiative  e-h 
recombination  assisted  by  the  deep  dangling  bond  levels  of  an  anion 
vacancy  or  vacancy  complex.  The  recombination  events  provide  a 
mechanism  of  energy  localization  that  eventually  leads  to  the  production  of 
other  vacancies  or  vacancy  complexes.  A dangling  bond  energy  level 
associated  with  a daughter  vacancy  becomes  another  excitation  trap.  This 
self-reproducing  dangling  bond  trap  eventually  may  grow  into  a dislocation 
and  becomes  an  excitation  trap  of  macroscopic  dimensions. 

In  order  to  try  to  determine  if  point  defects  are  generated  at/near  the 
quantum-well  region  in  the  early  stages  of  operation,  two  methods  were 
used.  The  first  involved  using  SIMS  to  look  for  any  diffusion  enhancement 
of  constituent  elements  due  to  excess  point  defect  creation.  The  second 
involved  looking  at  the  PL  intensity  decay  at  higher  temperatures. 

6.1.1  Diffusion  Enhancement  due  to  Point  Defects 

An  indirect  method  of  studying  the  generation  of  point  defects 
during  operation  is  done  by  measuring  diffusivity  of  a solute  during  high 
temperature  annealing.  Solvent  and  solute  atoms  migration  through  a 
crystal  lattice  can  be  enhanced  by  excess  point  defects.  This  has  been 
studied  extensively  in  silicon  as  excess  point  defects  can  result  in 
phenomena  ranging  from  oxidation  enhanced  diffusion  to  transient 
enhanced  diffusion  [102][103].  Therefore  the  hypothesis  was,  if  point 
defects  are  generated  near  the  quantum-well  during  degradation,  then 
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depending  on  the  diffusion  mechanisms  of  the  solute  the  diffusion  of  the 
solute  atoms  might  be  enhanced  due  to  the  higher  concentration  of 
interstitials  or  vacancies  or  their  complexes. 

LEDs  made  out  of  the  ternary-based  SCH  (structure  I)  were 
degraded  30%  and  60%  ( down  to  70%  and  40%  of  the  initial  output 
intensity)  and  then  annealed  in  an  ambient  of  forming  gas  (10%  H2  + 
90%  N2)  at  a temperature  of  500  °C  for  10  minutes.  Composition  depth 
profiling  was  performed  by  SIMS.  The  PL  spectra  were  obtained  before  the 
SIMS  measurements. 

As-grown  structures  were  annealed  at  500  °C  for  10  minutes.  The 
SIMS  depth  profiles  of  Cd  were  obtained  from  the  annealed  and 
nonannealed  as-grown  samples.  Figure  6.2.  shows  the  Cd  profile  at  the 
ZnCdSe  quantum-well  region.  This  figure  indicates  that  there  is  no 
outdiffusion  of  Cd  even  after  annealing  at  500  °C  for  10  minutes. 

The  30%  degraded  LED  was  annealed  at  500  “C  for  10  minutes.  Cd 
depth  profiles  were  obtained  from  the  annealed  and  nonannealed  LEDs 
which  were  30%-degraded.  Figure  6.3  shows  Cd  outdiffusion  for  the  30%- 
degraded  LEDs  comparing  the  annealed  and  nonannealed  ones.  Cd  appears 
to  diffuse  out  to  the  barrier  layers  from  the  quantum-well  for  the  degraded 
LED  at  this  annealing  condition.  Cd  diffusion  enhancement  is  obvious  in 
the  degraded  sample.  The  diffusion  enhancement  factor  (Dcd/D*cd)  was 
determined  to  be  about  20  by  fitting  Gaussian  functions  to  normalized 
SIMS  profiles  in  Figure  6.2  and  Figure  6.3. 
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The  nondegraded  LED,  30%  and  60%  degraded  LEDs  were  annealed 
at  500  °C  and  for  10  minutes.  SIMS  depth  profiles  of  Cd  were  obtained  on 
these  samples.  Figure  6.4  shows  Cd  depth  profiles.  The  Cd  outdiffusion 
was  enhanced  in  the  degraded  samples.  However,  the  Cd  outdiffusion 
appears  to  be  less  enhanced  between  30%-  and  60%-degraded  at  this 
annealing  conditions.  Photoluminescence  spectra  were  taken  from  these 
annealed  samples  at  room  temperature.  Figure  6.5  shows  the  results  of  the 
photoluminescence  measurement.  The  barrier  peaks  (ZnSe)  were  reduced, 
however,  the  quantum  well  peak  was  broadened  more  as  the  degree  of 
degradation  increased.  This  indicates  that  the  interdiffusion  in  the  quantum 
well  region  was  more  enhanced  in  the  more  degraded  LEDs. 

The  enhanced  outdiffusion  of  Cd  from  the  quantum  well  was 
observed  in  the  sample  which  were  30%  and  60%  degraded.  The 
enhancement  of  Cd  diffusion  may  come  from  the  large  number  of  point 
defects  created  during  operation  at/near  the  quantum  well. 

6.1.2  PL  Intensity  Decay  at  High  Temperatures  due  to  Point  Defects 

Since  thermally  activated  nonradiative  recombination  centers  have 
been  associated  with  point  defects  [104],  temperature  dependent 
photoluminescence  intensity  quenching  measurements  can  be  used  to 
evaluate  changes  in  the  point  defect  concentration.  This  method  was  used 
to  estimate  the  concentration  of  point  defects  for  MBE  grown  ZnSe  by 
Grillo  et  al.  [105]. 
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LEDs  from  the  simplified  ternary-based  heterostructure  (structure  II) 
were  degraded  down  to  30%  of  the  initial  intensity  and  PL  spectra  was 
obtained  at  temperatures  between  22  K and  150  K.  The  results  are  shown 
in  Figure  6.6,  which  shows  the  PL  intensity  quenching  of  the  quantum-well 
peak  for  the  as-grown  and  degraded  structures  at  higher  temperatures.  The 
increased  quenching  of  the  quantum-well  PL  spectrum  suggests  that  point 
defect  concentration  in  the  active  region  has  increased  during  degradation. 
This  indicates  that  point  defects  are  generated  in  the  quantum  well  during 
operation.  Another  indication  of  point  defect  generation  is  shown  in 
Chapter  5.  TEM  images  of  degraded  structures  show  that  these  dislocation 
helices  develop  near  DLDs  during  degradation.  The  helices  can  not  form 
without  point  defects  in  the  absence  of  applied  stress. 

The  remaining  question  is  whether  the  point  defects  are  created 
within  the  quantum  well  or  diffuse  from  the  surface,  that  is,  the  mechanism 
of  point  defect  generation  is  conservative  or  non-conservative.  This  should 
be  further  investigated.  However,  it  is  more  likely  that  a conservative 
mechanism  take  place  when  the  relatively  short  time  period  for  the  30% 
degradation  is  considered.  It  takes  about  10  minutes  at  the  current  density 
of  lOA/cm^  for  30%  degradation  and  the  point  defects  may  not  be  able  to 
diffuse  about  0.02  microns.  Because  the  value  of  for  Cd  in  ZnSe  at 
250  °C  for  10  minutes  is  around  0.02  pm.  Also  if  the  point  defects  diffused 
in  from  the  surface,  the  quantum  well  would  show  broadening  after 
degradation  without  additional  500  °C  annealing. 
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6,2  Nonradiative  Recombination-Enhanced  Diffusion 

An  interesting  question  is  if  point  defects  do  form  then  why  are  they 
so  mobile  when  the  intrinsic  diffusion  is  so  small  between  RT  and  250  “C. 
One  answer  is  their  motion  is  enhanced  by  nonradiative  recombination 
enhanced  diffusion.  The  second  possibility  is  the  temperature  of  the 
quantum-well  is  too  higher  than  250  °C.  The  third  possibility  is  they  do  not 
have  to  travel  far  to  produce  degradation. 

Lang  and  Kimerling[  106]  had  shown  that  nonradiative  recombination 
leads  to  the  low  temperature  annealing  of  radiative  recombination  damage 
centers  in  GaAs.  They  observed  a sharp  rise  in  the  annealing  rate  when  they 
applied  a forward  bias  current  to  the  radiation  damaged  p-n  junction  of 
GaAs.  The  activation  annealing  energy,  Ea,  which  is  equal  to  1.4  eV  for 
zero  bias,  decreased  to  a value  of  0.34  eV  at  forward  bias.  This  annealing 
rate  increase  was  interpreted  as  the  result  of  the  local  vibration  heating  due 
to  multiphonon  emission.  The  mechanism  of  nonradiative  recombination 
gives  rise  to  violent,  short-lived  lattice  vibrations  localized  at  the  defect 
site  which  greatly  enhances  the  probability  of  defect  motion. 

Two  major  mechanisms  of  enhanced  diffusion  due  to  nonradiative 
recombination  were  proposed.  (1)  The  activation  energy  for  the  atom  to 
jump  depends  on  the  charge  state  of  a defect.  For  example,  the  defect  was 
neutral  in  the  initial  state  and  its  activation  energy  was  Ea.  On  capturing 
an  electron,  the  defect  acquires  a negative  charge.  Thus  its  activation 
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energy  may  be  less  than  that  of  a neutral  center.  In  the  course  of 
recombination  the  centers  recharge,  and  the  charged  centers  are  more 
mobile  than  the  neutral  ones,  so  the  recombination  results  in  enhanced 
diffusion.  (2)  Recombination  enhanced  diffusion  can  also  assisted  by  the 
energy  released  in  multiphonon  capture  of  carriers.  This  energy  released 
would  reduce  the  activation  energy  for  a defect  to  jump  out  to  the  next 
site.  In  a similar  model  labeled  ‘thermal  flash’,  the  energy  released  in  the 
course  of  multiphonon  recombination  leads  to  a local  rise  of  the  crystal 
temperature  in  the  vicinity  of  the  defect  thus  increasing  the  probability  of 
jumps. 

In  our  devices  there  are  pre-existing  defects,  such  as  dislocations, 
stacking  faults  and  possibly  point  defects(vacancies,  interstitials,  antisites, 
impurity  atoms)  which  can  be  introduced  during  the  growth.  Nonradiative 
recombination  can  take  place  at  these  defect  sites  especially  those  in  the 
quantum  well.  Trapping  of  a carrier  at  a defect  whose  energy  level  resides 
within  the  bandgap  would  result  in  a release  of  energy  in  the  form  of 
phonons  which  would  locally  enhance  the  mobility  of  a defect. 

Any  point  defects  that  are  grown  into  the  quantum-well  during  the 
growth  or  generated  during  operation  may  have  their  diffusivity  enhanced 
by  nonradiative  recombination  enhanced  motion.  Weeks  et  al.  [107] 
developed  a theory  of  nonradiative  recombination  defect  reactions.  When 
we  apply  this  model  to  our  devices,  the  calculated  diffusion  enhancement  is 
in  the  order  of  10^-10®.  The  calculation  is  as  follows: 
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The  diffusion  coefficient  of  the  defect  is  proportional  to  the  rate  at 
which  it  hops  to  the  adjacent  site,  and  the  frequency  of  Jumping  is  given  by 
V = Vo  exp(-E,/kT)  (6-1) 

where  v is  the  frequency  of  the  successful  jump  out  of  the  jump  attempt 
frequency  Vo  at  the  temperature  T and  Ea  is  the  activation  energy  for  an 
atom  to  overcome  a potential  barrier.  If  a carrier  is  captured  at  a defect 
site,  the  defect  is  in  an  excited  state  and  the  activation  energy  is  reduced  to 
the  amount  of  (E,-Enr)  for  a time  x.  E„r  is  the  energy  released  due  to  the 
trap  and  x is  the  typical  time  scale  in  which  the  defect  transfers  energy  to 
the  lattice.  If  R is  the  nonradiative  recombination  rate,  then  the  jumping 
rate  Vr  only  due  to  non  radiative  recombination  can  be  expressed  by 

Vr  = Rxviexp[-(E,-E„r)/lcT]  (6-2) 

Finally,  the  effective  frequency  of  jumping  under  the  nonradiative 
recombination  enhanced  conditions  could  be  expressed  by 

Ve  = (1- Rx)Voexp(-E,/kT)  + Rxviexp[-(E,-E„r)/kT]  (6-3) 

Because  the  diffusion  coefficient  D and  D*  are  directly  proportional  to  v 
and  Ve  respectively,  the  enhancement  of  diffusion  under  nonradiative 
recombination  can  be  indicated  by 

De/D  = Ve/v  = Rx  exp(Enr/kT)  (6-4) 

assuming  Vo  and  Vi  are  about  the  same.  The  known  deep  levels  in  ZnSe  are 
typically  within  0.5-0. 8 eV  of  the  conduction  band  edge  [108] [109] [110]. 
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Assuming  the  same  for  Zno.8Cdo.2Se  quantum  well  compound,  E„r  is  about 
0.5-0. 8 eV.  Typical  values  of  R and  x are  assumed  to  be  the  same  as 
those  of  GaAs  (R=10^^  /sec  and  x = 10’*^  sec).  The  value  of  diffusion 
enhancement,  De/D,  is  about  10^-10®  at  the  operating  temperature  of  250 
°C  and  this  is  a significant  enhancement.  Once  defects  have  arrived  at  the 
quantum  well,  no  more  thermal  energy  is  needed  for  hopping  around  in  the 
quantum  well.  Another  reason  for  this  nearly  athermal  movement  is  due  to 
their  low  activation  energies.  The  self  diffusion  coefficients  of  II-VI 
materials  are  known  to  be  higher  and  the  activation  energies  are  lower  than 
those  of  III-V’s  as  shown  in  Figure  6.7.  For  example,  the  self  diffusion 
coefficient  of  S in  ZnS  is  expressed  by  D*(S)=2. 14*  10^exp(l .44  eV/kT) 
[111][112].  Based  on  these  observations  it  would  appear  wide  band-gap  II- 
VI  materials  are  particularly  susceptible  to  recombination  enhanced 
diffusion. 


6.3  Nonradiative  Recombination-Induced  Annealing 

Germanium  doped  AlGaAs  LEDs  showed  an  annealing  process  under 
accelerated  aging  [113].  At  the  low  aging  temperatures  (120-160  °C),  light 
output  initially  decreases  and  then  begins  to  increase.  This  increase  appears 
earlier  in  time  and  is  of  greater  magnitude  as  the  aging  temperature 
increases.  The  data  are  interpreted  as  an  increase  in  injection  efficiency  due 
to  the  annealing  out  of  nonradiative  centers  by  a recombination-enhanced 
defect  reaction. 
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The  same  phenomenon  appears  to  occur  in  the  II- VI  LEDs  used  in 
this  study.  The  light  output  intensity  increased  at  the  very  early  stage  of 
degradation  and  then  decreased  exponentially.  The  ternary  based  SCH 
(structure  I)  was  degraded  under  the  driving  conditions  of  18  A/cm^  and  7 
A/cm^  current  densities,  40%  duty  cycle,  and  10  KHz  repetition  rate.  The 
changes  of  peak  intensity  were  monitored  every  minute  in  the  very  early 
stages  of  degradation.  Figure  6.8  shows  two  sets  of  data.  The  output 
intensity  increases  for  the  first  few  minutes  and  then  decays.  This  can  be 
interpreted  as  recombination  induced  annealing  of  pre-existing  point 
defects  in  the  quantum-well  layer.  Ichimura  et  al.  [114]  observed  that 
the  light  emission  efficiency  of  II-VI  ZnSe-based  LEDs  improved  after 
annealing  at  300-400  °C  for  5 minutes.  The  thermal  annealing  of  their 
ZnCdSe/Zn(S)Se  quantum-well  structures  appeared  to  improve  the  crystal 
quality  of  ZnCdSe  quantum-wells.  The  improved  efficiency  of  light 
emission  may  come  from  the  reduction  of  the  nonradiative  recombination 
defect  sites.  During  the  early  operation  of  LEDs  the  same  phenomenon  of 
defect  annealing  could  happen  due  to  nonradiative  recombination  at  defect 
sites. 


6.4  Thermal  Stability  of  the  Quantum  Well 

The  operating  temperature  is  estimated  to  be  around  250  °C  in  the 
active  region.  The  local  temperature  at  the  defect  sites  may  be  much  higher 
due  to  nonradiative  recombination.  In  order  to  see  the  effect  of  high 
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temperature  on  the  quantum  well,  the  as-grown  samples  of  a simple 
quantum-well  structure  (ZnSSe  /ZnCdSe-QW  /ZnSSe  on  GaAs)  were 
annealed  at  higher  temperatures  in  flowing  forming  gas.  The  samples  were 
annealed  at  400  to  600  °C  for  10  minutes.  SIMS  depth  profiles,  PL  spectra 
and  high-resolution  XRD  data  were  obtained  from  these  annealed  samples. 
Figure  6.9  shows  the  PL  spectra  taken  at  room  temperature.  The  shape  of 
PL  spectra  start  to  change  even  after  400  “C  for  10  minutes  annealing.  The 
PL  peak  from  the  quantum-well  has  dropped  and  additional  peaks  in  the 
higher  wavelength  range  appeared.  After  annealing  at  550  °C  for  10 
minutes  the  quantum-well  peak  disappeared  and  the  other  peaks  that  may 
be  arising  from  the  intermixed  interface  of  ZnSSe/GaAs  dominated. 
Figure  6.10  shows  that  there  is  no  quantum-well  peak  after  550  “C  - 10  min 
annealing.  The  SIMS  depth  profile  of  the  quantum-well  region  showed  Cd 
outdiffusion  in  the  600  °C  -10  minute  annealed  sample.  Figure  6.11  shows 
the  SIMS  results.  The  high  resolution  x-ray  diffraction  patterns  also  show 
that  the  distinct  peak  of  ZnSSe  barrier  layers  disappears  after  550  °C-10 
min  annealing.  This  result  is  shown  in  Figure  6.12.  This  indicates  that 
atomic  interdiffusion  occurs  at  each  interface  and  the  compositional 
abruptness  has  been  destroyed. 

The  above  experiments  show  that  the  structure  of  II-VI  QW  layers 
on  GaAs  is  not  stable  at  temperatures  above  450  °C.  During  operation  the 
local  temperature  could  have  been  close  to  this  temperature  due  to 
multiphonon  emission  at  nonradiative  recombination  sites.  The  DSD  and 
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DLD  regions  would  have  higher  temperatures.  In  the  area  of  DSDs  and 
DLDs  the  interface  of  the  quantum  well  may  lose  the  compositional 
abruptness  during  operation.  The  electronic  confinement  near  those  dark 
defects  would  be  poor  and  thus  the  output  power  could  decrease  as  the 
DSD  and  DLDs  get  denser  during  operation. 

The  thermal  escape  of  the  free  carriers  or  excitons  were  observed  at 
higher  temperature  by  Toutnie  et  al.  [115].  In  order  to  see  the  reduction  of 
electrical  confinement  in  degraded  LEDs,  LEDs  from  quaternary-based 
SCH  (structure  III)  was  degraded  down  to  20%  of  the  initial  intensity 
(80%  degradation)  and  the  PL  spectra  were  taken  at  various  temperatures. 
The  measurements  were  obtained  as  the  sample  temperature  increased  at  a 
fixed  power  of  laser  source.  The  PL  peak  intensity  decreases  as  the 
temperature  increases  since  the  carrier  escape  from  the  quantum  well 
increases  at  higher  temperatures.  As  it  can  be  seen  in  Figure  6.13,  the  PL 
peak  from  the  quantum-well  remained  until  150K  for  the  as-grown 
structure.  However,  the  quantum-well  peak  from  the  80%-degraded  LED  is 
in  the  noise  background  level  at  150  K as  shown  in  Figure  6.14.  This  is 
more  clearly  seen  in  Figure  6.15  which  compares  the  quantum-well  peaks  at 
22  K and  150  K.  The  same  result  was  obtained  from  the  another  degraded 
quaternary-based  SCH  (structure  HI).  Figure  6.16  shows  that  the  quantum 
well  PL  peak  from  the  80%-degraded  LED  is  invisible  at  150  K.  When  we 
compare  the  quantum  well  peak  to  the  cladding  layer  (ZnMgSSe)  peak,  the 
PL  intensity  ratio  (ZnCdSe/ZnMgSSe)  remains  almost  same  for  the  as- 
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grown  sample  as  the  temperature  increases.  On  the  other  hand  the  PL 
intensity  ratio  between  ZnCdSe  and  ZnMgSSe  for  80%  degraded  LED 
decreases  rapidly  as  the  temperature  increases  as  shown  in  Figure  6.17. 
This  indicates  that  the  free  carriers  easily  escape  thermally  from  the 
degraded  quantum  well.  This  is  consistent  with  the  DSDs  and  DLDs 
reducing  the  electronic  confinement  significantly. 

6.5  Why  are  DLDs  in  the  <100>  directions  ? 

The  reason  why  the  dark  line  defects  are  aligned  in  the  <100> 
directions  is  puzzling.  One  answer  may  be  that  there  are  pre-existing 
defects  along  the  <100>  directions  and  DLDs  simply  develop  along  these 
defects.  The  fact  that  DLDs  are  developed  in  the  very  early  stages  of 
degradation  may  support  this  hypothesis.  The  other  reason  may  be  that  the 
point  defects  could  accumulate  in  the  <100>  directions  easily  in  terms  of 
the  required  energy. 

The  directionality  of  DLD  formation  may  be  related  to  the 
modulated  structure  in  the  epilayers.  Ueda  et  al.  [116]  observed  quasi- 
periodic  diffraction  contrast  under  a two  beam  condition.  In  LPE  grown 
InGaAsP  on  (001)  GaAs,  the  modulated  structures  develop  in  the  two 
equivalent  directions  of  [100]  and  [010].  They  are  columnar  shaped  in  the 
[001]  growth  direction.  For  Alloys  which  have  asymmetry  in  elastic 
coefficients,  modulated  waves  extend  so  as  to  minimize  the  strain 
contribution  to  free  energy  in  the  solid  solution.  The  modulated  structures 
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are  induced  in  the  direction  of  [hkl],  which  minimize  the  elastic  coefficient 
Yhki.  It  has  been  found  that  Yioo<Yuo<Yui  in  InGaAsP  [117],  This  can 
explain  the  preferential  direction  of  elongation  of  the  structure. 

A similar  contrast  modulation  was  observed  in  ZnMgSSe  film  on 
GaAs  [118][119][120].  It  is  believed  that  a variation  in  the  S and  Mg 
concentration  exists  in  the  modulated  structure.  The  composition 
modulation  was  developed  only  in  the  <100>  directions.  The  Young’s 
modulus  can  be  calculated  by  the  following  equation  [121] 
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where  c’s  are  the  elastic  constants  and  l,m,n  are  the  directional  cosines 
between  [hid]  and  the  three  cubic  axes.  Cn=87  GPa,  Ci2=54  GPa,  and 
€44=39  GPa  for  the  ZnSe  epilayer  [122].  The  Young’s  modulus  for  the 
[100],  [110],  and  [111]  directions  can  be  calculated  as  follows: 

Y[ioo]  = (Cii  + 2Ci2)(Cii-Ci2)/Cii 

Y[iio]  = ( Cii+2ci2)(12cii-5cii+5ci2)/(8c44-3ci2+4ci2) 

Y[111]  = 6(Cii  + 2Ci2)C44/(4C44  + Cii  + 2Ci2) 

The  calculated  Young’s  modulus  plot  is  shown  in  Figure  6.17.  The 
Young’s  modulus  in  the  [100]  direction  is  the  least  and  composition 
modulation  would  be  therefore  develop  in  this  direction  during  growth. 

Initially  more  pre-existing  point  defects  may  be  dwell  in  the  <100> 
directions  than  other  directions  due  to  composition  modulation  or  growth 
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abnormalities.  In  this  case  DLD  formation  from  excess  point  defect 
condensation  on  preexisting  defects  would  result  in  heterogeneous 
formation  in  those  directions.  In  a second  mode  (homogeneous  nucleation) 
point  defects  are  either  created  or  diffuse  into  the  quantum  well  and 
because  of  the  very  high  mobility  and  super  saturated  conditions  condense 
in  the  <100>  directions. 

In  the  TEM  images  of  degraded  quaternary  based  SCH,  dislocation 
loops  were  observed  to  align  in  the  both  [100]  and  [010]  directions.  As 
shown  in  Figure  6.18(a)  the  partial  dislocations  enclosing  a stacking  fault 
were  transformed  to  dislocation  tangles  during  electrical  degradation. 
When  they  were  imaged  in  weak  beam  dark  field(WBDF)  in  TEM,  some  of 
them  appear  to  be  dislocation  loops  aligned  in  the  <100>  directions  as 
shown  in  Figure  6.18(b).  The  WBDF  images  of  dislocation  loops  developed 
on  the  stacking  faults  appear  to  be  similar  to  the  oval  defect  images  of 
<100>  DLDs  in  Figure  5.18(b). 

6 6 Possibility  of  Melting  at  Defects 

In  III-V  lasers  a catastrophic  degradation  takes  place  at  the  mirror 
surface.  When  the  output  power  density  reaches  a critical  value,  strong 
optical  absorption  occurs  at  the  mirror  surface  and  this  gives  rise  to  the 
temperature  of  melting  of  the  crystal.  This  is  termed  catastrophic  optical 
damage  (COD).  In  InGaAs  and  AlGaAs  lasers,  the  critical  output  power 
density  is  9-20  MW/cm^  and  5-8  MW/cm^  respectively  for  COD  [123]. 
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COD  has  also  been  observed  at  defect  sites  in  the  middle  of  quantum-well 
during  lasing  [124],  In  LEDs  there  is  no  mirror  surface,  and  it  is  assumed 
that  there  is  no  COD  related  degradation.  However,  the  extended  defects 
such  as  stacking  faults  in  the  quantum-well  may  act  as  local  heating  areas 
during  LED  operation. 

Firstly,  it  is  necessary  to  determine  the  amount  of  heat  generated  by 
nonradiative  recombination  that  is  sufficient  for  melting  to  occur.  Assume, 
for  the  sake  of  argument,  a local  region  is  melted  and  let  the  melted  region 
be  a sphere.  Consider  the  heat  generated  at  nonradiative  recombination 
sites  which  will  raise  the  temperature  AT  of  a uniformly  heated  sphere  50 
angstrom  in  radius.  The  melting  point  of  ZnSe  is  1793  K.  When  we 
consider  the  operating  temperature  is  250  °C  thus  the  AT  is  about  1270  K. 
The  energy  required  to  melt  a sphere  of  50  angstrom  radius  can  be 
calculated  by  [125] 

Ar  = ,)./(^)  - 2jjexp(-a=  Uk.))  (6-6) 

where  a is  the  radius  of  sphere,  Fo  is  the  heat  produced,  K is  the  thermal 
conductivity,  k is  the  thermal  diffusivity  (=K/Cpp)  and  t is  the  time  for  heat 
generation.  For  ZnSe  K=1.9  W/cm  sec,  Cp=5420  mj/mol  K and  p is  5.26 
g/cm  [126].  If  we  take  t=10  ^ sec  which  is  the  typical  value  of 
nonradiative  recombination  time  for  the  deep  level  in  ZnSe  [127],  the  heat 
(Fo)  for  raising  the  temperature(AT  =1270  K)  is  calculated  to  be  10*^ 
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W/cm^.  The  heat  flux  for  the  50  angstrom  thick  quantum  well  is  therefore 
about  5*10''  W/cm^ 

Secondly,  it  is  necessary  to  determine  whether  nonradiative 
recombination  can  produce  this  amount  of  heat  flux.  The  necessary  rate  of 
nonradiative  recombination  to  generate  the  heat  flux  of  5*10“*  W/cm^  can  be 
simply  calculated  as  5*10''  W/cm^ /1.8  eV  = 1.7*10”  cm'^sec"'.  If  this 
rate  of  nonradiative  recombination  is  maintained,  the  50  angstrom  sphere  in 
the  quantum  well  can  be  melted.  At  a typical  current  driving  condition  of 
50  A/cm^  , if  all  the  electron  and  holes  injected  into  quantum-well  near  the 
defect  sites  are  trapped,  the  maximum  rate  can  be  calculated  to  be  around 
3*10'*  cm’^sec*'  using  the  following  equation. 

J = qn^^d  / T (6-7) 

where  J is  the  current  density  applied,  q is  the  charge  of  electron,  d is  the 
quantum  well  thickness  and  r is  the  recombination  life  time.  This  rate  of 
nonradiative  recombination  can  not  generate  enough  heat  for  melting. 
However,  assuming  the  nonradiative  recombination  rate  in  the  core  of 
dislocation  follows  that  of  the  surface  [128],  i.e.  R (nonradiative 
recombination  rate)=So(np)'^^,  the  maximum  rate  can  be  over  the  required 
rate  for  melting.  Here  So  is  the  recombination  velocity  and  n (p)  is  the  free 
electron  (hole)  density.  The  value  for  So  in  the  interfacial  misfit 
dislocations  was  estimated  about  10*  cm/sec  for  InGaP/GaAs  [129]. 
Assuming  the  So  value  is  about  the  same  for  the  partial  dislocations  in  our 
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devices,  the  maximum  nonradiative  rate  is  about  10^“*  cm‘^  sec'\  which  is 
enough  for  melting. 

Therefore  it  is  theoretically  possible  to  allow  nonradiative 
recombination  heating  to  raise  the  local  temperature  to  the  melting  point 
during  typical  LED  operation  only  under  the  following  conditions:  (a)  all 
the  injected  free  carriers  near  the  defect  sites  are  trapped  (b)  the 
nonradiative  recombination  rate  of  a dislocation  core  follows  that  of  the 
surface  (c)  the  recombination  velocity  So  is  of  the  order  of  10*  cm/sec. 

6.1  Degradation  Cycle 

We  can  conclude  from  previous  discussions  that  one  of  direct 
sources  of  degradation  is  the  pre-existing  defects.  The  nature  of  point 
defects  in  ZnSe  have  been  extensively  studied  [130][131].  One  of  the 
oldest  and  most  popular  explanations  for  the  difficulty  in  doping  p-type 
materials  is  that  the  doping  of  wide  band-gap  semiconductors  is 
compensated  by  native  defects.  Laks  et  al.  calculated  native  point  defect 
concentrations  in  ZnSe  at  T=600  K (growth  temperature)  and  concluded 
that  the  concentration  of  native  point  defect  is  too  low  in  stoichiometric 
ZnSe  to  cause  compensation.  The  calculated  values  are  shown  in  Table 
6.2  and  6.3.  However  it  was  pointed  out  that  a deviation  from 
stoichiometry  as  small  as  lO''*  implies  a defect  concentration  of  about  10^* 
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After  taking  strain  into  consideration,  the  energy  of  vacancy 
formation  is  reduced  as  described  in  section  6.1.  If  there  is  a reduction 
of  0.5  eV,  the  equilibrium  concentration  of  a vacancy  would  increase  by 
a factor  of  more  than  1.6x10'*  at  a temperature  of  600  K.  In  addition  to 
those  intrinsic  native  defects,  there  exist  some  impurities  and  dopants 
which  are  not  activated  near  the  quantum  well.  Qiu  et  al.  [132]  showed 
that  the  doping  of  ZnSe  with  active  nitrogen  is  limited  to  Na-Nd  » 10** 
cm'^  despite  the  fact  that  greater  than  10*^  /cm^  nitrogen  can  be 
incorporated  into  the  material.  Those  unactivated  dopants  would  remain 
as  interstitials.  Further  more  the  lattice  matched  hetero-interfaces  have 
higher  nonradiative  recombination  centers.  Studies  of  AlGaAs/GaAs 
heterojunctions  reveal  substantial  interfacial  nonradiative  recombination 
centers  [133]. 


Table  6.2.  Calculated  native  defect  concentrations  in  stoichiometric 
p-type  ZnSe  at  600  K[130] 


Defect 

charge 

concentration(/cm^) 

Zni(Tse) 

2+ 

2.48e9 

V(Zn) 

0 

2.14e9 

Se(Zn) 

2+ 

1.46e8 

Se(Zn) 

1 + 

1.71e7 

V(Zn) 

1- 

8.7e6 

V(Zn) 

2- 

1.17e6 

Zni(Tzn) 

2+ 

2.21e6 

Vse 

2+ 

8.58e5 
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Table  6.3.  Calculated  native  defect  concentrations  in  stoichiometric 
n-type  ZnSe  at  600  K [130] 


Defect 

charge 

concentration(/cm'’) 

Zni(Tse) 

2- 

1.37el3 

V(Zn) 

1- 

5.23el2 

Se(Zn) 

0 

1.26el2 

Se(Zn) 

2- 

3.54ell 

V(Zn) 

0 

3.65e9 

V(Zn) 

0 

5.07e8 

Zni(Tzn) 

1 + 

6.19e7 

Vse 

1 + 

1.70e5 

In  addition  to  the  point  defects,  extended  line  or  plane  defects,  such 
as  stacking  faults  and  threading  dislocations  are  introduced  during  the 
growth  process  as  shown  in  chapter  5. 

Degradation  starts  in  those  grown-in  defect  sites  near  and  in  the 
quantum  well  due  to  nonradiative  recombination  as  the  electrons  and  holes 
are  injected.  The  multiphonon-emission  process  transfers  enough  energy  to 
generate  additional  point  defects  and  diffuse  those  defects.  The 
degradation  process  can  be  escalated  as  more  point  defects  are  generated  in 
the  active  region.  The  excess  point  defects  may  condense  in  <100> 
directions.  The  accumulation  of  point  defects  eventually  forms  DLDs  in 
the  quantum  well  and  other  extended  defects  also  form.  This  degradation 
cycle  would  be  repeated  during  the  operation  as  shown  in  Figure  6.20. 

In  order  to  cut  off  one  of  those  chains  in  the  degradation  process, 
the  first  step  would  be  to  reduce  the  defects  in  the  structure  during  the 
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growth.  The  next  step  would  be  to  use  a quantum-well  composition  that  is 
more  resistant  to  point  defect  formation  i.e.  one  with  a stronger  bonding  of 
the  constituent  elements.  The  bonding  should  be  strong  enough  to 
withstand  the  energy  released  by  nonradiative  recombination.  This  could 
possibly  be  done  by  adding  an  impurity  or  alloying  element  or  using 
entirely  different  materials.  In  order  to  solve  these  problems,  the  nature  of 
pre-existing  point  defects  and  energetic  consideration  of  creation  of  point 
defects  should  be  investigated  further  for  a variety  of  potential  materials. 
The  understanding  of  intrinsic  properties  of  materials  used  in  II-VI  devices 
also  needs  to  be  continued  along  with  further  efforts  to  reduce  grown-in 
defects.  Finally  reducing  the  defects  in  the  ohmic  contact  will  be  necessary 
if  the  growth  of  half  loops  on  the  p-type  side  into  the  quantum  well  is  to  be 
reduced. 


6.8  Summary 

The  point  defect  were  generated  during  LED  operation  due  to 
nonradiative  recombination.  This  was  confirmed  with  diffusion 
enhancement  of  Cd  in  the  degraded  LEDs.  The  higher  PL  quenching  rate  at 
higher  temperatures  also  showed  point  defect  generation  in  the  quantum 
well  during  degradation.  Point  defect  generation  may  be  escalated  as  more 
nonradiative  recombination  sites  are  created. 

Once  point  defects  were  generated,  diffusion  of  point  defects  could 
be  athermal  during  operation  because  of  nonradiative  recombination 


184 


enhancement.  During  the  early  stage  of  degradation  some  defects  were 
even  annealed  out  of  nonradiative  recombination  centers.  The  point  defects 
may  accumulate  along  the  <100>  directions  since  less  energy  is  required 
for  them  to  be  located  in  those  directions.  The  condensation  of  point 
defects  eventually  form  DSDs  and  DLDs  and  other  defects.  The  pre- 
existing defects  both  in  the  quantum  well  and  in  the  ohmic  contact  should 
be  reduced  to  reduce  degradation.  However  it  is  not  clear  that  a long  lived 
lasers  or  LEDs  based  on  this  material  will  ever  be  realized  without  a 
change  in  composition  that  reduces  the  generation  rate  of  intrinsic  point 
defects. 
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Figure  6.1.  Schematic  representation  of  potential  curves;  U1  and  U2 
represent  the  potential  energy  of  a nucleus  without  an  electron  and  with  an 
electron,  respectively.  8i  + 82=Eg  (energy  gap) 
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Figure  6.2.  SIMS  depth  profile  of  Cd  near  the  ZnCdSe  QW:  solid  Line  is 
for  the  as-grown  structure  (nonannealed),  and  dashed  line  is  for  the 
annealed  as-grown  sample  at  500  °C  for  10  minutes. 


30  % degraded  (non-annealed) 

30  % degraded  + annealed 


200  400  600  800  1000 

sputter  time(sec) 


Figure  6.3.  SIMS  depth  profile  of  Cd  near  the  ZnCdSe  QW:  solid  line 
is  for  the  30%-degraded  (nonannealed)  LED,  and  thick-dashed  line  is 
the  annealed  at  500  “C  for  10  minutes  after  30%  degradation. 
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Figure  6.4.  SIMS  depth  profile  of  Cd  near  the  ZnCdSe  QW:  solid  line  is  for 
the  as-grown  structure,  and  dashed  lines  are  for  30%  and  60%-degraded 
LEDs.  All  samples  were  annealed  at  500  “C  for  10  minutes. 
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Figure  6.5.  PL  spectra  obtained  at  the  room  temperature  from  (a)  the  as- 
grown  (nonannealed),  (b)  as-grown  (annealed),  (c)  30%  degraded 
(annealed)  and  (d)  60%  degraded.  Annealing  conditions  were  500  “C  for  10 
minutes. 
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Figure  6.6.  PL  intensity  decays  at  higher  temperatures  comparing  between 
the  as-grown  structure  and  30%-degraded  LED. 
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Figure  6.7.  Self  diffusion  coefficients  of  various  species  in  II- VI 
semiconductors 
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Figure  6.8.  Nonradiative  recombination-induced  defect  annealing  occurred 
in  the  early  stage  of  degradation 
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Figure  6.9.  PL  spectra  taken  at  the  room  temperature  after  annealing  as- 
grown  samples  at  400-600  “C  for  10  minutes 
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Figure  6.10.  PL  spectra  comparison  between  nonannealed  and  annealed  at 
550  °C  for  10  minutes 


counts  counts 


195 


Figure  6.11.  SIMS  profile  of  Cd  at  the  ZnCdSe  QW  before  and  after 
annealing  at  500-600  °C  for  10  minutes 
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Figure  6.12.  High  resolution  x-ray  diffraction  patterns  before  and  after 
annealing 
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Figure  6.13.  PL  intensity  quenching  at  higher  temperatures  for  as-grown 
quaternary-based  SCH 
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Figure  6.14.  PL  quenching  at  higher  temperatures  for  the  80%-degraded 
LED  from  quaternary-based  SCH 
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Figure  6.15.  PL  spectra  taken  for  the  as-grown  structure  and  80%- 
degraded  LED  at  the  temperature  of  22  and  150  K 
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Figure  6.16.  PL  spectra  taken  at  150  K from  the  as-grown  structure  and 
80%-degraded  quaternary-based  SCH 
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Figure  6.17.  PL  intensity  ratio  between  the  cladding  layer  (ZnMgSSe)  and 
the  QW(ZnCdSe)  at  higher  temperatures 
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Figure  6.18.  2-dimensional  Young’s  Modulus  surface  for  ZnSe  calculated 
using  equation  (6-5) 
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Figure  6.19.  TEM  images  of  transformed  partial  dislocations  enclosing  the 
stacking  fault  in  the  BF  mode  (a)  and  weak  beam  dark  field  mode  (b) 
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Figure  6.20.  A degradation  cycle 


CHAPTER  7 
CONCLUSIONS 


The  degradation  of  II-VI  ZnSe-based  light  emitters  is  important  to 
understand  short  life  time  of  devices.  Nevertheless  little  work  has  been 
done  to  understand  degradation  mechanisms.  In  this  study,  the 
characteristics  of  electrical  degradation  of  ZnSe  light  emitting  devices  and 
microstructural  changes  after  degradation  were  investigated  and  a 
degradation  mechanism  was  proposed. 

Three  types  of  structures  were  grown  by  MBE:  (structure  I) 
Zno.8Cdo.2Se  single-quantum-well  /ZnSe  /Zno.94So.oe  on  GaAs,  (structure  II) 
ZnO.8Cdo.2Se  single  QW  / ZnSSe  on  GaAs  and  (structure  III)  Zn0.gCd0.2Se 
single  QW  / Zno.94So.oeSe  / Zno.9Mgo.1So.12Seo.gg  on  GaAs.  The  epilayers  are 
all  lattice-matched  to  the  GaAs  substrate  except  for  structure  (I).  LEDs 
were  fabricated  by  deposition  of  gold  on  the  surface  and  degraded  by 
supplying  a pulsed  direct-current. 

The  degradation  depended  predominantly  on  the  current  density 
applied  to  the  LEDs.  The  output  intensity  of  emitted  light  decayed  more 
rapidly  as  the  current  density  increased.  The  degradation  depended  also  on 
the  pre-existing  defect  density  near/at  the  quantum-well.  The  light  emission 
decreased  faster  with  the  larger  grown-in  defect  density.  The  decrease  in 
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efficiency  of  light  emission  during  degradation  was  due  to  the  increase  of 
nonradiative  recombination  rate.  An  analytical  calculation  was  performed 
to  obtain  the  change  in  the  nonradiative  recombination  rate  after  50% 
degradation.  It  turned  out  that  the  radiative  recombination  rate  decreased 
by  1/3  and  the  rate  of  nonradiative  recombination  increased  2.5  times. 

A method  to  estimate  the  temperature  of  the  active  region  during 
operation  was  developed  utilizing  the  temperature  dependence  of  band-gap 
for  the  quantum  well  material.  The  relationship  between  the  energy  band- 
gap  and  temperature  was  obtained  by  raising  the  external  ambient 
temperature.  The  typical  operation  temperature  was  estimated  to  be  250 
°C.  This  high  temperature  appears  to  a contributing  factor  to  rapid 
degradation. 

The  thermal  expansion  behavior  of  epilayers  at  the  temperature  of 
250  °C  was  examined  using  a high  resolution  x-ray  diffractometer  with  a 
sample  heater.  The  thermal  expansion  was  almost  entirely  accommodated  in 
the  perpendicular  direction  in  the  lattice  matched  system.  This  thermal 
behavior  increases  the  strain  in  the  compressed  quantum-well  by  15%  at 
250  °C. 

The  possible  atomic  interdiffusion  in  the  active  region  and  strain 
relaxation  in  the  quantum  well  were  investigated  using  secondary  ion  mass 
spectroscopy  and  low  temperature  photoluminescence.  After  50% 
degradation,  SIMS  and  PL  results  indicated  that  no  significant  outdiffusion 
occurs  near  the  quantum  well.  However,  after  post  degradation  it  was 
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shown  through  diffusion  studies  that  a high  concentration  of  point  defects 
were  indeed  produced  in  the  quantum  well  after  only  30%  degradation.  The 
strain  in  the  quantum-well  remained  constant  even  after  50%  degradation 
consistent  with  the  lack  of  extended  defect  formation  and  also  consistent 
with  point  defects  being  the  primary  source  of  degradation.  Upon 
additional  degradation  1/3  of  the  strain  relaxed  in  80%-degraded  LEDs. 
This  is  consistent  with  the  observation  of  dislocation  formation  in  the 
quantum-well  after  this  amount  of  degradation. 

Structural  defects  were  investigated  for  the  as-grown  structure  and 
degraded  LEDs  with  cross-sectional  and  plan-view  TEM.  The  major  pre- 
existing defects  were  zigzag  shaped  misfit  dislocation  networks  in  the 
ohmic  contact  area,  [110]  dislocations  which  were  identified  as  typical 
60“  dislocations  developing  in  the  middle  of  upper  cladding  layer  / barrier 
layer  interface,  and  stacking  faults  through  out  the  entire  structure.  The 
major  pre-existing  defect  in  the  quantum  well  was  the  stacking  fault.  All 
of  the  faults  were  Frank  type  in  nature  and  most  of  them  in  the  upper  p- 
type  layer  were  intrinsic  and  those  in  the  lower  n-type  layers  are  extrinsic. 
The  stacking  faults  formed  in  triangular  pairs  and  these  pairs  are  aligned 
only  in  the  [110]  direction. 

Degradation-induced  defects  were  observed  using  electro- 
luminescence (EL)  microscopy.  Dark  spot  defects  (DSD)  and  dark  line 
defects  (DLD)  were  developed  as  degradation  proceeded.  DLDs  were 
developed  mostly  in  the  <100>  directions  as  seen  from  the  top  surface. 
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Output  power  decreased  as  the  DSDs  and  DLDs  increased  in  number  and 
size.  Dark  images  in  EL  microscopy  indicate  that  DSDs  and  DLDs  lie  at 
the  active  region. 

The  major  defects  induced  during  LED  operation  were  <100>  DLDs. 
They  act  as  non-radiative  recombination  sites  at  or  near  the  active  quantum 
well.  Although  DLDs  appeared  in  the  very  early  stage  of  degradation  in 
EL  microscopy,  these  degradation-induced  defects  were  observable  only  in 
the  heavily  degraded  LEDs  (70  % degradation)  in  TEM.  Bundled  line 
defects  were  generated  in  the  degraded  structure  II,  in  which  the  pre- 
existing defect  density  is  less  than  10®  /cm^.  DLDs  in  the  structure  II  are 
not  simple  dislocations  and  they  appeared  to  be  rows  of  clusters  of  point 
defects  developed  in  the  <100>  directions.  DLDs  in  the  structure  III  (5  x 
10®  initial  defect  density)  showed  different  characteristics.  DLDs  appeared 
to  consist  of  many  small  oval  defects  connected  in  the  <100>  directions. 
These  oval-shaped,  degradation-induced  defects  were  found  to  be  regions 
of  distorted  crystalline  material  composed  of  dense  dislocation  tangles. 
The  pre-existing  stacking  faults  were  transformed  and  appeared  to  be  the 
nucleation  sites  of  DLDs.  The  location  of  the  degradation-induced  defects 
such  as,  dislocation  tangles  and  dislocation  half  loops,  indicate  that  the 
ohmic  contact  area  may  contribute  significantly  to  the  formation  of 
extended  defects.  Dislocation  helices  also  formed,  which  is  another 
indication  of  point  defect  generation  during  operation. 
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Nonradiative  recombination  provides  necessary  energy  by 
multiphonon  emission  at  the  defect  sites  for  additional  point  defects  to 
generate  during  degradation.  This  was  confirmed  with  diffusion 
enhancement  of  Cd  near  the  quantum  well  and  the  higher  PL  quenching  rate 
at  higher  temperatures  for  degraded  LEDs.  Diffusion  of  point  defects  in 
the  active  region  would  be  almost  athermal  during  operation  because  of 
nonradiative  recombination  heating.  In  the  very  early  stage  of  degradation, 
defect  annealing  was  also  observed,  which  is  a direct  consequence  of 
nonradiative  recombination  during  operation.  Some  defects  were  annealed 
out  of  nonradiative  recombination  centers. 

A possible  degradation  mechanism  was  proposed  as  follows:  Once 
the  free  carriers  are  driven  into  the  quantum  well,  degradation  starts  in  the 
pre-existing  defect  sites  due  to  nonradiative  recombination.  This 
multiphonon  process  transfers  enough  energy  to  generate  additional  point 
defects  and  to  diffuse  those  defects.  The  escalation  of  degradation  process 
takes  place  as  the  more  point  defects  are  generated.  The  accumulation  of 
point  defects  form  DSDs  and  DLDs  near  or  in  the  quantum  well.  The 
generated  point  defects  eventually  condense  into  extended  macroscopic 
defects. 

In  order  to  increase  lifetime  of  the  II-VI  light  emitters,  the  grown-in 
defects  should  be  reduced.  The  quantum  well  composition  should  be 
changed  to  a material  more  resistant  to  point  defect  generation. 
Determining  such  a material  will  require  further  investigations  into  point 
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defect  generation  in  possible  candidate.  Finally  defect  formation  in  the 
ohmic  contact  needs  to  be  reduced. 
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